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ABSTRACT 


Using  as  a  source  a  dc  subsonic  plasma  jet  operating  in  nitrogen 
and  in  nitrogen-oxygen  mixtures  at  atmospheric  pressure,  emission 
coefficients  of  the  N2(2+)(0,0)  X  337f  neutral  molecule  band, 
N2(l-)(0,0)  X3914  ionized  molecular  band,  X  7468  NI  atomic  line, 
and  the  electron  continuum  have  been  measured  over  the  temperature 
range  of  3800  to  10000°K.  The  emission  coefficients  of  the  dis¬ 
crete  radiation,  calibrated  on  an  absolute  scale,  were  used  to  cali¬ 
brate  the  simultaneously  measured  electron  continuum  over  the  temper¬ 
ature  range.  Approximate  analytical  treatments  were  used  to  extra¬ 
polate  the  calibrated  continuum  curves  to  lower  temperatures  where 
discrete  radiations  can  not  be  observed.  The  experimental  results 
show  considerably  higher  continuum  emission  coefficients  at  low 
temperature  than  can  be  accounted  for  by  any  existing  theoretical 
treatments . 
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I.  INTRODUCTION 


The  objective  of  the  investigation  described  in  this  report  was 
to  develop  spectral  diagnostic  methods  for  pure  nitrogen  plasmas  in 
the  temperature  range  of  3000°K  to  5000°K.  This  represents  a  first 
step  in  the  development  of  practical  tools  for  rapid  spectral  diag¬ 
nostics  of  supersonic  plasma  streams  such  as  are  employed  in  Air 
Force  material  testing  and  reentry  simulation  facilities.  Extensions 
of  the  methods  for  applications  to  air  plasmas  were  initiated  toward 
the  end  of  this  program  with  applications  to  nitrogen-oxygen 
mixtures . 

In  an  earlier  investigation1  it  was  shown  that  the  continuous  radi¬ 
ation  in  seeded  nitrogen  and  air  plasmas  could  be  used  with  the  Kramers- 
Uns old  theory  for  determination  of  equilibrium  temperatures  but  the 
same  was  not  found  to  be  true  for  the  unseeded  pure  gases.  The  rela¬ 
tive  simplicity  of  detectors  for  spectrally  resolved  continue  and 
their  potential  applications  in  future  rapid  scanning  diagnostic  systems 
emphasized  the  need  for  this  investigation  of  the  theoretical  and  exper¬ 
imental  relationship  between  radiation  and  temperature  in  equilibrium 
plasmas. 

The  general  plan  of  this  investigation  was  to  experimentally  es¬ 
tablish  the  relationship  between  the  radiation  of  four  different  species 
of  particles,  i.e.  neutral  and  ionized  molecules,  atoms  and  free  elec¬ 
trons,  in  high  temperature,  atmospheric  pressure,  pure  nitrogen  plasmas 
where  absolute  calibrations  can  be  made  against  analytical  treatments 
based  on  an  equilibrium  composition  of  the  gas.  The  calibrated  discrete 
spectra  of  the  atomic  and  molecular  species  can  then  be  used  to  exper¬ 
imentally  calibrate  the  electron  continuum  against  temperature  as  the 
level  of  temperature  in  the  plasma  is  successively  reduced.  At  lower 
temperatures,  where  the  discrete  radiations  blend  into  the  background 
continuum,  the  calibration  can  proceed  only  by  means  of  an  extra¬ 
polation  based  on  an  analytical  description  of  the  temperature 
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dependence  of  the  continuum  established  at  the  higher  temperatures 
through  proper  combinations  of  theory  and  experiment. 

The  analytical  and  experimental  methods  first  established  on 
nitrogen  plasmas  are  then  applied  to  nitrogen-oxygen  mixtures  used  to 
simulate  air  plasmas.  Here  the  problems  of  gas  mixing  and  rate  processes 
involving  the  NO  molecule  and  the  N0+  molecular  ion  enter  the  picture 
requiring  more  extensive  experimentation  on  pure  air  plasmaB  for  more 
complete  descriptions. 

The  apparatus  used  for  producing  the  controlled  laboratory  plasmaB 
and  for  detecting  and  calibrating  the  several  specieB  of  radiation  are 
described  in  Section  II.  Section  III  treats  the  analytical  computations 
of  the  normalized  emission  coefficient  for  each  of  the  species  of  radia¬ 
tion  considered.  In  this  section  the  -wavelength  increments  of  the 

molecular  band  systems  are  defined  as  used  throughout  and  corrections 

2 

of  some  errors  made  in  an  earlier  treatment  of  these  systems  have 
been  included.  The  detailed  experimental  procedures  and  results  are 
given  in  Section  IV.  In  Section  V  the  experimental  and  theoretical  sig¬ 
nificance  of  the  results  are  discussed  with  conclusions  and  recommenda¬ 
tions  given  in  Section  VI. 
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II.  APPARATUS 


Three  different  sources  were  used  to  produce  the  nitrogen, 
nitrogen-oxygen  and  air  plasmas  used  in  this  investigation,  i.e., 
a  dc  plasma  jet,  a  dc  free-burning  arc  and  an  rf  induction  torch. 

The  general  arrangement  of  these  three  sources  with  respect  to  the 
radiation  detection  and  calibration  systems  is  shown  schematically 
in  Fig.  1.  Detailed  descriptions  of  the  apparatus  and  experimental 
methods  are  given  in  the  following  sub-sections. 

A.  PLASMA  JET 

The  plasma  jet,  developed  in  an  earlier  phase  of  this  long 
range  diagnostics  program  and  which  is  described  in  detail  in  Ref.  3, 
was  designed  to  permit  changes  in  its  internal  configuration.  Two 
configurations,  i.e.,  high  (i)  and  low  (ill)  temperature,  were  used 
in  this  program  to  produce  temperatures  ranging  from  3000  to  6000°K 
and  5000  to  10000°K  respectively.  The  jet  head  was  designed  to  oper¬ 
ate  with  or  without  an  observation  section  and  quench  chamber.  In 
cases  where  the  quench  was  used  the  exit  gas  was  first  cooled  by 
means  of  a  nested  tube  heat  exchanger  before  being  vented.  No  attempt 
was  made  to  determine  the  quantity  of  heat  transferred  to  the  quench 
chamber  or  that  which  remained  in  the  vented  gases.  Only  the  losses 
in  the  jet  head  were  determined  calorimetrically. 

Because  of  the  tungsten  cathode  only  nonreacting  gases  such  as 
argon  or  pure  nitrogen  can  be  used  as  the  primary  gas.  A  range  of 
temperatures  in  the  plasma  can  be  obtained  by  controlling  the  current, 
gas  flow,  and  position  of  observation.  A  very  sizeable  reduction  in 
the  jet  temperature  can  be  effected  by  adding  down  stream  cooling  gas 
through  an  opening  provided  in  the  lower  constrictor  section.  By 
means  of  the  configuration  changes  and  down  stream  gas  injection, 
temperatures  ranging  from  3000°K  to  10000°K  could  be  established  in 
1  atm  pressure  plasmas  in  pure  nitrogen  and  nitrogen-oxygen  mixtures. 
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The  latter  could  be  obtained  by  adding  oxygen  as  the  down  stream  gas 
to  a  nitrogen  plasma.  Because  of  the  tungsten  cathode  pure  air  could 
not  be  run  with  this  jet. 

B.  FREE-BURNING  ARC 

The  arc  burned  freely  in  pure  nitrogen  at  1.1  atmosphere 
pressure  between  a  l/8  inch  dia,  1%  thoriated  tungsten  cathode  and 
a  plane  copper  anode  in  a  vacuum  tight  water  cooled  chamber.  The 
electrodes  were  also  water  cooled  and  separated  by  inch  and  the 
current  was  adjusted  to  210  amp  with  an  operating  potential  of 
29.1  volts.  Again,  because  of  the  tungsten  cathode,  only  pure  nitrogen 
could  be  used. 

C.  RF  INDUCTION  TORCH 

An  rf  induction  torch  similar  to  that  described  by  Olsen,  Eckert 
2 

and  Kelly  has  been  used  here  to  produce  equilibrium  plasmas  in  nitro¬ 
gen  and  air.  The  plasma  was  electromagnetically  induced  in  a  swirling 
stream  of  gas  flowing  at  a  rate  of  30  scfh  within  a  4  inch  dia  air 
cooled  transparent  quartz  tube.  Typical  operation  with  nitrogen  was 
60kw  plate  power  at  30  scfh;  with  air  the  plate  power  was  50kw  at 
25  acfh.  The  specially  designed  lOOkw  power  source  developed  at  PSL 
was  used  for  generating  these  plasmas. 

D.  SPECTROGRAPHS 

Two  plane  grating  spectrographs  have  been  used  throughout  this 
program  either  individually  or  in  combination  as  shown  in  Fig.  1. 

For  high  resolution  work  involving  separate  quartet  or  sextet  group¬ 
ings  of  the  nitrogen  band  systems  the  1  meter  reflection  optics 
instrument  (LS)  having  a  first  order  dispersion  of  8.3  A/mm  was  used. 
This  instrument  was  equipped  for  either  photoelectric  or  photographic 
readout.  Typical  photographed  spectra  are  shown  in  Fig.  2. 

To  permit  simultaneous  measurements  of  two  species  of  radiation 
the  -y  meter  grating  spectrograph  (SS)  developed  as  part  of  the  spectral 
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probe  system  for  seeded  plasma  diagnostics  and  described  in  Ref.  1 
was  placed  in  the  same  optical  path  as  the  large  instrument  by  means 
of  a  half-silvered  mirror  as  shown  in  Fig.  1.  With  a  dispersion  of 
55A/mm  only  the  continuum,  well  separated  spectral  lines,  or  broad 
increments  of  the  band  systems  can  be  recorded  with  photoelectric 
readout  on  this  instrument.  The  optical  speed  is  f/10.5  as  compared 
with  f/9  for  the  1  meter  spectrograph.  The  glass  optics  posed  no 
problem  since  all  radiation  detected  with  the  small  spectrograph  was 
at  wavelengths  X>3800  A. 

Interchangeable  entrance  and  exit  slits,  and  photomultiplier  hous¬ 
ings  were  provided  for  both  spectrographs.  Blue  sensitive  1P28  photo¬ 
multipliers  were  used  throughout  the  investigations.  Widths  of  50  fJL 
and  500  fJL  were  used  interchangeably  as  entrance  and  exit  slits.  In 
the  exit  position  the  broad  slit  represents  a  28  A  increment  of  the 

NO  O 

dispersed  spectrum  of  the  small  spectrograph  at  A 3920  A  and  a  3.9  A 
increment  for  the  large  instrument  at  the  same  wavelength. 

E.  DUAL-SIGNAL  RECORDING  SYSTEM 

In  order  to  eliminate  the  question  of  changes  in  source  conditions 
during  the  time  required  to  record  a  full  radial  profile,  the  data 
recording  system  was  designed  to  permit  simultaneous  recording  of  two 
radial  profiles.  With  this  system  the  radiation  from  any  one  of  the 
three  sources  or  from  the  calibration  carbon  arc  was  directed  by  means 
of  a  plane  mirror  through  an  aperture  and  focusing  lens  and  onto  a 
half-silvered  mirror  which  separated  the  beam  into  two  parts  of  nearly 
equal  intensity.  These  two  beams  were  directed  to  the  entrance  slits 
of  the  two  spectrographs  as  shown  on  the  schematic  diagram  of  Fig.  1. 

The  amplitude  (intensity)  signals  taken  from  each  of  the  photo¬ 
multipliers  were  fed  to  separate  impedance  matching  operational  ampli¬ 
fiers  and  then  into  a  chopper  circuit.  The  chopper  consisted  of  a 
sealed  relay  driven  by  a  solid  state  timing  circuit  with  variable  on-off 
time  periods.  This  chopper  alternately  connected  the  two  intensity 
signals  (y^  or  yg)  to  the  y  input  of  the  x-y  recorder  while  the  radial 
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position  signal  from  the  transport  table  served  as  the  x-axis  signal 
of  the  recorder.  To  permit  simultaneous  recording  of  signals  with 
large  differences  in  amplitude,  the  photomultiplier  voltages  must  be 
independently  adjusted.  This  was  accomplished  by  using  a  common 
regulated  high  voltage  supply  and  separate  voltage  divider  networks 
as  shown  in  Fig.  3. 

The  simultaneous  recording  of  two  species  of  radiation  from  a 
plasma  with  two  spectrographs  and  detectors  requires  that  the  separate 
optical  systems  be  in  precise  alignment.  To  achieve  this  an  auto- 
collimating  method  was  used  on  each  of  the  two  spectrographs  in  common 
with  the  half-silvered  mirror,  the  focusing  lens,  and  right-angle 
mirror.  The  photomultiplier  on  each  spectrograph  was  replaced  by  a 
tungsten  lamp  so  that  an  image  of  the  entrance  slit,  illuminated  in 
monochromatic  light,  was  formed  at  the  point  where  the  source  would 
normally  be  located.  The  images  of  the  two  spectrograph  slits,  formed 
in  this  manner  at  different  wavelengths  in  the  visible  spectrum,  were 
observed  with  a  small  instrument  telescope  and  were  made  to  coincide 
on  the  cross-hair  by  rotating,  tilting  and  translating  the  half- 
silvered  mirror  (beam  splitter).  When  optical  coincidence  was  accom¬ 
plished,  the  system  was  in  proper  alignment  as  indicated  by  identical 
recorded  shapes  of  a  common  intensity  profile.  The  progressive  reduc¬ 
tion  of  slit  widths  and  lengths  increased  the  alignment  precision. 

The  shapes  of  the  continuum  and  atomic  line  profiles  of  the  c6ni- 
cally  shaped,  free-burning,  argon  arc  were  observed  as  simultaneous 
pairs  on  the  x-y  recorder  by  means  of  the  chopping  method  to  demonstrate 
proper  alignment.  Figures  4  and  5  show  experimental  profiles  recorded 
in  this  manner.  The  separation  of  the  carbon  arc  traces  corresponds  to 
the  difference  in  spectrograph  slit  widths.  When  the  peak  amplitudes 
of  the  two  signals  are  made  to  be  the  same  by  adjusting  photomultiplier 
voltages,  and  the  spectrographs  are  set  at  the  same  wavelengths  with 
equivalent  slit  widths  the  result  is  a  single  trace  of  y  vs  x  under 
chopping  conditions  as  shown  for  example  in  Fig.  4.  When  the  two 
curves  have  different  amplitudes  or  shapes,  the  two' traces  are  defined 
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by  the  tops  and  bottoms  of  the  chopping  pulses  generated  by  the 
alternating  amplitudes  as  shown  in  Fig.  5* 


F.  ABSOLUTE  INTENSITY  CALIBRATIONS 


Absolute  spectral  intensities  have  been  measured  throughout 

this  investigation  by  comparison  with  the  positive  crater  of  the  low 

current  carbon  arc.  The  intensity  versus  wavelength  for  the  carbon 

4 

crater  was  determined,  according  to  Null  and  Lozier  ,  for  a  temper¬ 
ature  of  3800°K  and  emissivity  of  ^98pT  The  transport  table  shown  in 
Fig.  1  was  designed  so  that  the  carbon  calibration  arc  could  replace 
the  experimental  plasma  at  the  focal  position  of  the  same  optical 
system  so  that  on-the-spot  calibrations  could  be  made  with  each 
measurement . 


*ei  * 


m  7 


O 


7 


AEDC-TR  -70-239 


III.  ANALYTICAL  METHODS 


The  quantitative  nature  of  the  diagnostic  methods  employed  re¬ 
quires  theoretical  computations  of  emission  coefficients  as  a  function 
of  temperature  for  equilibrium  nitrogen  and  nitrogen-oxygen  plasmas. 
Each  species  of  radiation  is  discussed  separately  in  the  sub-sections 
which  follow.  The  particle  number  densities  and  partition  functions 
used  in  the  computations  were  taken  from  the  unseeded  plasma  composi¬ 
tions  given  in  Ref.  1  as  listed  in  Table  I. 

A.  N2  (2+)(0,0),  A3371  A,  C  37T“B  Vg 

The  detailed  structure  of  this  band  iB  shown  in  the  photographed 
spectrum  of  Fig.  2.  Because  of  the  triplet  nature  of  the  electronic 
state  from  which  the  system  arises ,  there  are  three  subbands, 

3  77^  3  7^ f  and  3 77",,-*- -^7^  B  8tronK  R(J,-*-J,-l), 

a  strong  P(J,-«»J,+1)  and  a  weak  branch;  the  latter  may  be 

completely  neglected.  The  two  strong  branches  produce  characteristic 

triplets  in  the  rotational  structure  which  are  grouped  in  sextets  as 

observed  in  the  spectrum  of  Fig.  2.  Throughout  this  description  the 

J*  subscript  used  to  identify  a  particular  sextet  is  taken  as  the 

rotational  quantum  number  of  the  upper  energy  level  of  the  R  branch 

component  of  the  third  ( JTT0— *-JTTQ )  sublevel.  Such  a  reference  was 

d  *  2 

chosen  because  this  component  denoted  as  Rj,  is  located  nearly  in  the 
center  of  the  sextet  and  its  wavelength  is  taken  as  the  center  wave¬ 
length,  Xq,  of  the  sextet.  According  to  this  identification  system 
the  individual  components  of  the  sextet  reading  toward  longer  wave¬ 
lengths  are  designated  R J(+2,  rJ,+1,  r j,,  pjf+19,  Pjf+18,  p£1+ir 

2 

The  sextet  centered  about  the  wavelength  of  the  Rj,  rotational  line 
will  generally  be  referred  to  throughout  this  report  as  the  "Rj, 
component"  of  the  band. 

The  absolute  emission  coefficient  for  any  single  rotational 
element  of  a  vibrational  band  of  a  given  electronic  transition  can 
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be  expressed  as 


N2 

C  u  exp 
u2 


[-(E6+Ev)At]  Sj,  exp  [-E*  (J')At] 


(1) 


The  subscript  J.'  is  used  to  identify  either  the  individual  rotational 
component  or  a  particular  grouping  of  components  -which  are  individual¬ 
ly  identified  by  the  superscript  i«  The  electronic,  vibrational,  and 
rotational  upper  state  energies  are  given  by  Eg,  E^  and  E*  (j1) 
respectively.  The  constant  is  given  by 


C 


i6ir3c 

3\4 


R 


V 


where  c  is  the  velocity  of  light,  A  the  wavelength  of  the  transition, 
Rg  the  electronic  moment,  is  the  Franck-Condon  factor.  The  Sj, 
in  Eq.  (l)  is  the  relative  strength  factor  for  the  itt  rotational 
component  of  the  sextet.  The  number  densities  N  and  partition 
functions  U  are  taken  from  Table  I. 


For  purposes  of  computation,  the  emission  coefficient  for  each 
component  of  a  sextet  is  denoted  by  €jf,  where  i-1,  2  ...6  for  the 
components  in  order  of  increasing  wavelengths.  The  emission  coefficient 
for  the  total  sextet  is  then 


I 


Using  the  wave  number  tabulations  of  Coster,  et.  al.  and  a  mercury 
reference  spectrum,  the  €0_  and  €0ft  sextets  can  be  easily  recognized 
as  surrounding  the  Hg  I A3341  line  as  shown  on  Fig.  2  and  from  this  the 
R^g  component  is  identified  by  counting  to  the  left  (shorter  wavelengths). 


In  order  to  compute  the  emission  coefficients  for  all  components 

of  this  band  it  is  first  necessary  to  express  the  relative  line  strengths 

2 

in  terms  of  the  upper  rotational  quantum  number  of  the  Rj,  component. 

From  the  wave  number  tabulation  of  Ref.  5  it  is  found  that  upper  level 
quantum  numbers  of  J'+2,  J’+l,  J' ,  J'+19,  Jf+18  and  J'+17  correspond 
with  i  =  1,  2,  ....6  respectively.  With  these  quantum  numbers  the 
respective  line  strengths,  according  to  Budo^,  which  hold  for  J'>10, 
are 
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The  corresponding  rotational  energy  levels  are 


E1  (J-)  =  Bv(j'+2)  (j'+3) 

E*  (J«)  =  Bv  (J,+19)  (J'+20)  x 

E*  (J')  -  Bv(j'+1)  (j'+2) 

E 5x  (J')  =  Bv  (J'+18)  (J'+19) 

(3) 

*?(<!')“  BV(J')  (J«+1) 

(J»)  -  Bv  (J»+17)  (J'+18)  ' 

where  B  =B  -  o<  (v+i-)  with  B  =  1.8259cm-1,  *»<■  -  .0197cm-1, 
v  e  e  e  e 

Eg  -  89,147cm-1  and  ET=Q1017cm-1  for  the  C  ^7T  state. 

2 

Since  the  R  q  factor  in  the  calibration  constant  for  the 
ew 

emission  coefficient  is  generally  not  known  or  is  to  be  determined 
experimentally  by  comparison  of  computed  and  measured  emission  coef¬ 
ficients  at  the  temperature  of  the  peak  value,  it  is  only  practical 
to  compute  the  normalized  emission  coefficients,  €j,,  according  to 
Eq.  (l)  with  this  factor  set  to  unity.  Normalized  emission  coeffi¬ 
cients  of  each  component  and  of  the  total  sextet  have  been  computed 

earlier  (Ref.  2)  using  partition  functions  given  by  Drellishak,  et. 

7 

al.  for  pure  nitrogen  and  number  densities  for  air  computed  by 

g 

Hilsenrath,  et .  al.  .  In  the  original  computations  reported  in  Ref.  2 
some  errors  were  made  which  have  been  corrected  here  and  the  results 
are  presented  in  Tables  IIA  and  IIB 

B.  Ng  (1-)  (0,0),  A 39 14  A,  B2£+—  X  2£+ 
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In  the  case  of2_i  m  2j transitions  the  separation  of  the  two  sub- 
levels  with  J’  =  K'  +  -g-  and  J*  =  K'  -  \  gives  rise  to  a  quartet  struc¬ 
ture  with  two  R  and  two  F  branch  components  and  no  Q  branch.  Because 
of  the  small  separation  of  the  sublevels  the  two  subbands  are  not  re¬ 
solved  in  the  spectrum  of  Fig.  2. 


Following  the  same  procedure  as  above  for  the  neutral  molecule  band 
systems,  the  quartet  components  are  identified  by  €^, ,  where  i  =  1, 

2,  3,  4,  correspond  with  4,  +  j,  l£,  _  ^  P*,  +  27  +  *'  4'  +  27  - 
As  is  conventional  for  components  of  £ — ^-^transitions ,  the  K*  quantum 
number  is  used  and  is  here  defined  as  the  upper  state  rotational  quantum 
number  associated  with  the  R^,  ^  component  having  wavelength  \Q  taken 

as  the  center  value  for  the  quartet.  The  emission  coefficient  for  the 
total  quartet  is 


The  H  X3906  I  line  can  be  used  to  identify  the  R^  quartet  at  X 3905. 8  A 
as  shown  on  Fig.  2. 


According  to  Mulliken 


9 


the  component  line  strengths  can  be  written 


in  terms  of  the  K1  quantum  number  of  the  upper  state  as 


1  _  (2K,+1)2  -  1 

K1  "  2  (2K’+1 )  K' 


(2K'-1)2  -  1  c* 

2  (2K'-1 )  K' 


,3  (2K»+53)2  -  1  R 

’K'  “  2  (2K»+53)  K» 


(2K,+51)2  -  1  R 
2  (2K*+51)  K* 


(4) 


where 


1  for  K'  odd 
\  for  K*  even 


P  .  f* 

K'  U 


for  K* 
for  K' 


odd 

even 


are  the  familiar  intensity  alternation  factors  which  are  characteristic 
of  this  band  system. 


The  rotational  energy  levels  are  expressed  in  terms  of  the  upper 
level  quantum  number  K'  as 
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EXt  (K*)  -  Bo  (K-)  (K'+l)  -  Do  (K')2  (K*+l)2  + 

E2  (K')  -  Bo  (K-)  (K'+l)  -  Do  (K«)2  (K'+l)2  - 

E?  (K>)  =  Bq  <K'+25)  (K'+26)  -  Dq  (K'+25)2  (K»+26)2  + 

E*  (K')  =  Bq  (K'+25)  (K'+26)  -  Dq  (K*+25)2  (K'+26)2  - 

where  B  =■  2.07325  cm”*,  D  =  5.895  *  10**^  cm”*  and  'C  =  .002  cm”*. 

P  o 

Using  Eqs.  (4)  and  (5)  in  Eq.  (l)  with.  E  »  25,462  em”*  and 

-1  e 
E^^1204  cm  the  component  and  total  emission  coefficients  for  K1 

ranging  from  1  to  22  were  previously  computed  and  reported  in  Ref.  2. 

As  was  the  case  of  the  neutral  band  system  a  number  of  errors  were 
made  in  the  original  computations  which  have  been  corrected  here  with 
the  results  given  in  Tables  III  A  and  III  B.  The  intensity  alternations, 
which  were  omitted  in  the  previous  computations  are  clearly  seen  in 
these  results.  These  alternations  are  also  observed  in  the  spectrum 
of  Fig.  2.  In  order  to  adjust  the  normalized  emission  coefficients 
of  Tables  II  and  III  to  other  composition  data  the  required  number 
densities  and  partition  functions  of  neutral  and  ionized  molecules 
are  given  in  Table  I  for  both  nitrogen  and  air  plasma.  For  com¬ 
pleteness  sake  the  corresponding  atom,  electron  and  negative  ion 
number  densities  are  also  included. 


An  observed  characteristic  of  this  molecular  ion  band  is  the  group¬ 
ing  of  the  first  26  F  branch  doublets  (P^,  and  P^,  for  25  sSlE'  >0) 
in  the  region  of  the  band  head  'where  there  are  no  R  branch  components. 


This  group,  which  is  indicated  by  the  bracketed  region  labeled  BHA^ 

'in  Fig.  2  will  be  referred  to  throughout  this  report  as  the  "ion  band 

O 

head  increment".  The  long  wavelength  edge  of  the  3*9  A  increment 

(BH&j)  is  defined  by  the  X3914.33  (P^),  component  and  the  short 

wavelength  edge  falls  between  the  X3909.71  (R*)  and  X 3910.43  (P25) 

components.  In  a  similar  manner  a  28  A  increment  (BH&g)  1®  defined 

by  the  P14  and  the  X 3885. 3  (^22^  component  and  is  also  indicated  in 

Fig.  2.  The  actual  wavelength  interval  is  28.5  A  but  will  be  referred 

0 

to  throughout  as  the  28  A  increment. 
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O 

The  emission  coefficient  for  the  3»9  A  band  head  increment  has 
been  computed  as  follows 


where  all  quantities  are  as  previously  defined.  The  component  wave¬ 
lengths  were  taken  from  Ref.  5.  Numerical  values  of  this  emission 

coefficient  are  tabulated  in  Ref.  1  for  air  and  nitrogen  with 
2  —36 

R  q  =  1.36  x  10  and  E  =0.  These  results  have  been  corrected 
e  V  v 

for  the  zero  point  energy  of  the  v  =  0  vibration  state  which  is  1204  cm 

rather  than  zero  as  was  erroneously  assumed.  The  corrected  normalized 

o 

emission  coefficients  for  the  3*9  A  ion  band  head  increment  are  given  in 
Table  IV. 

0 

The  normalized  emission  coefficient  for  the  28  A  increment  is  ob¬ 
tained  by  adding  the  R^,  components  for  K  ■  1  through  22  to  the  F  branch 

o 

components  of  the  3«9A  increment  such  that 


0 

The  normalized  emission  coefficients  for  the  28  A  increment  are  also 
listed  in  Table  IV.  For  purposes  of  internal  consistency  in  this  report 
all  emission  coefficients  are  referred  to  the  number  densities  given  in 
Table  I.. 

C.  ATOMIC  LINE,  X  7468  NI 

This  discrete  spectral  line  represents  transitions  between  the 

4  4 

3p  S°  upper  and  the  3b  P  lower  energy  levels  of  the  neutral  nitrogen 
atom.  Emission  coefficients  were  computed  using  the  number  densities 
and  partition  functions  of  Table  I  and  the  following  equation: 
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with 


6  7468  =  CtJ°  ex*  VkT) 
o 


C  = 


hcg.  Am 
°di  n 

X47T 


(8) 


where  h  is  Planck's  constant,  g^  the  statistical  weight  and  the 
sponteineons  transition  probability  for  the  line  of  wavelength  X 
and  tipper  energy  level  Effl.  The  particle  number  density  Nq  and  parti¬ 
tion  function  U  are  for  the  neutral  atom.  The  normalized  emission 
o 

coefficients,  computed  for  A™  =  l,are  given  in  Table  IV.  The  normal 
temperature  for  the  1  atm  nitrogen  plasma  is  15,000°K.  Just  as  with 
the  band  systems  the  transition  probability  can  be  determined  exper¬ 
imentally  by  comparing  the  measured  peak  value  for  the  emission  coef¬ 
ficient  emitted  by  an  equilibrium  source  with  the  peak  of  the  nor¬ 
malized  coefficient;  such  a  determination  is  discussed  in  the  next 
section. 


D.  CONTINUUM 

The  source  of  continuous  radiation  emitted  by  a  diatomic  gas 
plasma  is  the  free  electrons  which  are  retarded  by  electrostatic  inter¬ 
actions  with  ionized  atoms,  ionized  molecules  and  screened  neutral 
atom  or  molecule  nuclei  (free-free  transitions)  or  which  recombine 
with  atomic  or  molecular  ions  to  form  neutrals  and  attach  to  neutral 
atoms  to  form  negative  ionB  (free-bound  transitions).  Radiative  recom¬ 
binations  of  atoms  can  give  rise  to  a  molecular  continuous  emission; 
however,. be cause  of  the  extremely  low  probability  of  such  a  process 
relative  to  non-radiative  three  body  recombinations,  this  source  of 
continuum  may  be  completely  neglected  in  the  1  atm  plasmas  treated 
here.  Molecular  formation  by  radiative  two-body  recombination  with 
two  atoms  approaching  on  the  potential  curve  of  the  ground  state  is 
not  possible  for  two  like  moleculeB  and  can  be  neglected  entirely 
here. 


The  analytical  treatment  of  the  electron  continuum  is  very  depend¬ 
ent  upon  the  temperature  range  under  consideration.  For  example, 
Morris,  et.  al.*^  have  shown  that  for  nitrogen  at  1  atm  the  free-free 
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and  free-bound  radiation  of  positive  ions  reacting  vith  electrons 
can  explain  the  entire  observed  continuum  at  temperatures  above 
15*000°K.  At  lower  temperatures  neutral  atom-electron  interactions 
become  significant.  In  Ref.  10  it  has  been  shown  that  for  tempera¬ 
tures  in  the  range  6000  to  10000°K  in  atmospheric  pressure  nitrogen 
the  observed  continuum  results  almost  entirely  from  free-bound  radi¬ 
ation  of  the  negative  nitrogen  ion  formed  by  electron  attachment  with 
neutral  atoms.  At  temperatures  below  5000°K  where  the  number  of 
neutral  atoms  and  ionized  molecules  is  low  relative  to  the  number 
of  neutral  molecules,  the  main  contribution  to  the  continuum  is  assum¬ 
ed  to  be  the  free-free  radiation  of  free  electrons  interacting  with 
neutral  molecules. 

Very  little  quantitative  work  has  been  reported  on  the  continuum 
emitted  by  nitrogen  or  air  plasmas  at  temperatures  below  8000 °K.  The 
absence  of  reliable  quantitative  data  on  radiation  cross-sections  for 
the  species  of  radiation  involved  makes  it  difficult  to  analytically 
describe  the  continuum  at  low  temperatures.  In  the  following  descrip¬ 
tions  the  best  approximate  values  available  in  the  literature  are  used 
to  compare  at  least  the  relative  contributions  to  the  total  (spectrally 
resolved)  continuum  at  equilibrium  temperatures  below  10,000°K. 

In  this  investigation,  where  the  aim  has  been  to  determine  equi¬ 
librium  temperatures  from  measured  emission  coefficients  in  the  range  of 
3000°K  to  10,000°K,  analytical  expressions  for  the  significant  sources 
of  continua  are  used  only  as  guides  in  extrapolating  the  measured  contin¬ 
uum  versus  temperature  curve  below  the  lower  temperature  limit  of  the 
experimental  calibration.  In  this  temperature  range  only  three  sources 
of  continua  need  be  considered,  i.e.,  free-free  radiation  of  electrons 
retarded  by  positive  ions  and  neutral  molecules,  free-bound  radiation 
of  electrons  recombining  with  positive  ions,  and  free-bound  radiation 
of  electrons  attaching  to  neutral  atoms.  According  to  Ref.  10,  free- 
free  radiation  resulting  from  the  retardation  of  electrons  by  neutral 
atoms  is  assumed  to  be  negligible  in  comparison  with  the  free-bound 
radiation  produced  by  the  attachment  process.  Vith  these  assumptions 
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the  relative  contributions  to  the  continuum  at  a  given  wavelength  have 
been  computed  according  to  the  following  expression: 


€oont.  ■  5’4  *  1546  &  f^/T*  +  4  x  lB23  exp  (-  C2/^T)/X3 


w. 


V-+  x2 


—3  —1 

(watt-cm-  -sr  -sec) 


(9) 


where  Z  =>  effective  nuclear  charge 
g  =  gaunt  factor 
C2  =  1.4388  (cm-°K) 

\  =  wavelength  (cm) 

Q.  a  cross-section  for  recombination  into  ln  state  of  the 

5  ^ 

negative  ion,  (cm7) 

—3  1 

N  <  =  number  density  ( cra~J )  of  negative  nitrogen  ions  in  D 

level 

—3 

N  =  electron  number  density  (cm”'*) 

®  —3 

Ng  =  neutral  molecule  number  density  (cm  ) 

Q  =  radiation  absorption  cross-section  for  neutral 

molecules  (cnr). 

Bolt*  has  shown  that  the  negative  ion  number  densities  can  be  comput¬ 
ed  according  to  the  Saha  and  Boltzmann  equations  combined  in  the  form 


N  N 
0  e 

N 


=  2  (277mkT) 


34  Uo(T) 


exp 


^  -  ew)  At] 


(10) 


where 


Uq(T) 

g_ 


E 


4 


E, 


=  partition  function  of  atom 

=  statistical  weight  of  D  state  of  N  taken  as  5 

=  energy  of  4  state  which  is  19223  cm”* 

=  ionization  energy  which  is  cm 


and  all  other  quantities  have  their  usual  meanings.  In  Eq.  (10) 
the  number  densities  of  atoms  and  electrons  can  he  taken  from 
plasma  compositions  computed  without  consideration  of  the  N_  ion 


16 


AEDC-TR-70-239 


such  as  those  given  in  Table  I.  The  N  number  densities  given  in 
Table  I  were  determined  in  this  manner.  Using  these  number  densities 
with  Z2g  =  1.0,  Q1d  =  1.69  x  1016  (Ref.  10)  and  Qa  =  1040  (Ref.  12) 
the  temperature  dependence  of  the  continuum  shown  in  Fig.  6  was  com¬ 
puted  according  to  Eq.  (9).  In  the  case  of  air  the  0_  number  den¬ 
sities  were  taken  from  Ref.  8  and  the  equivalent  absorption  cross- 
section  Qi^  =  6.96  x  l5  was  taken  from  Ref.  10.  Because  of  the 
exponential  dependence  of  the  continuum  emission  coefficient  on  temper¬ 
ature  below  5000 °K,  errors  in  temperature  determinations  resulting  from 
the  assumption  of  approximately  constant  cross-sections  should  be 
negligible. 

E.  INVERSION  METHODS 

All  experimentally  measured  spectral  intensities  were  numerically 

13 

inverted  to  emission  coefficients  by  means  of  the  Nestor-Olsen 
method  for  optically  thin  plasmas.  In  the  case  of  the  atomic  spectral 
line  of  nitrogen  measured  in  the  high  temperature  range  the  inversion 
was  made  with  absorption  corrections  using  the  iterative  method  recent¬ 
ly  developed  for  the  Air  Force  and  preliminarily  reported  in  Ref.  14. 
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IV.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

The  general  experimental  procedure  consisted  of  three  phases 
which  are  described  below  in  order  of  their  execution.  In  the  first 
phase  the  several  forms  of  discrete  radiation  were  calibrated  for 
use  in  the  following  two  phases  for  temperature  measurement  and  ulti¬ 
mately  for  calibration  of  the  continuous  radiation  emitted  from  pure 
nitrogen  and  nitrogen-oxygen  plasmas  respectively.  Operating  condi¬ 
tions  for  the  two  arc  jet  configurations  are  given  in  Table  V  for  all 
reported  results  which  are  generally  presented  in  the  grajdiical  form 
of  radial  profiles  of  either  emission  coefficients  or  temperature. 

All  measured  radiation  intensities  have  been  converted  to  emission 
coefficients  by  means  of  the  inversion  processes  mentioned  above. 

Only  the  inverted  data  are  reported.  Since  many  profiles  are  present¬ 
ed  to  represent  original  data,  sometimes  without  specific  descriptions 
or  discussion  in  the  text,  an  identifying  number  iB  placed  on  each 
illustration  to  correspond  with  the  data  description  in  Table  V. 

A.  CALIBRATION  OF  DISCRETE  EMISSION  COEFFICIENTS 

The  emission  coefficient  for  any  specieB  of  radiation  designated 
by  the  subscript  i  may  be  expressed  in  the  general  form 

ei  -  Ki<  <V  V  T.) 

where  E.  iB  the  transition  probability  for  the  atomic  spectral  line  or 

2  1  *  /  \ 
the  R  q  factor  for  the  band  systems.  The  function  6 .  (N. ,  U. ,  T) 

is  the  normalized  emission  coefficient  described  in  detail  in  Section 

III  for  all  species  of  discrete  radiation  considered.  As  was  shown, 

this  function  passes  through  a  unique  maximum  at  the  "normal” 

temperature  so  that  the  constant  can  be  determined  from  the  ratio 

of  the  measured  off-axis  peak  or  "normal"  value  of  the  radial  profile 

of  the  emission  coefficient  to  the  computed  "normal"  value  for  an  LTE 

plasma.  In  the  case  of  the.  electron  continuum,  where  has  a  much 

more  complex  form  which  changes  with  temperature,  this  same  approach 
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to  the  calibration  could  not  be  taken.  The  continuum  calibration 
vill  be  discussed  separately  below. 


Radial  profiles  of  the  four  different  component  groupings  of  the 
photographed  spectrum  of  Fig.  2  are  shown  in  Fig.  7  as  measured  in  the 
high  temperature  nitrogen  arc  jet  where  the  normal  temperature  was 
reached.  In  the  case  of  the  and  R22  components,  whose  normal 
temperatures  exceed  9000°K,  the  on-axis  values  were  used  since  there 
was  an  observed  tendency  for  flattening  of  the  profile  with  no  further 
increase  in  magnitude  of  the  axis  values  with  increased  power  input 
or  reduced  gas  flow  rate  indicating  that  the  normal  temperature  was 
just  reached  on  the  plasma  axis.  For  each  integrated  intensity  meas¬ 
ured  on  the  large  spectrograph  (LS)  a  reference  measurement  was  made, 

o 

simultaneously,  on  the  small  spectrograph  (SS)  using  the  3*9  A  incre¬ 
ment  at  the  head  of  the  3914  band  (€T>TT/v  ).  Corresponding  pairs  of 

hHOi 

also  obtained  with  the  A  7468  NI  line  as  reference. 


curves  were 


The  calibration  constants  given  in  the  table  below  were  obtained 
from  the  ratio  of  the  measured  to  the  computed  "normal"  values  for 
each  of  the  five  species  of  radiation.  Absolute  calibration  curves  can 
be  obtained  from  the  data  of  Tables  I,  II  and  III  by  direct  multiplica¬ 
tion  with  these  calibration  constants. 


Species 

(i) 

Pj 

Normal 

Temp. 

(°K) 

* 

€i 

-6  -l  -1 
cm  -sr  -sec 

K. 

1 

3 

watt-sec-cm 

BH  j-3.9  A 

3912.4 

8800 

4. 23x1 O33 

1.19xio36 

BET  g-28  A 

3900.3 

9000 

7.16x1034 

3 . OxlC37 

Rg  Quartet 

3905.8 

9000 

3.13xl033 

2.56x10 

R^  Quartet 

3894.7 

9160 

3. 80xl033 

7.45xl037 

Rg2  Quartet 

3885.8 

9240 

3.97xl033 

1. 82x1 037 

Rjg  Sextet 

3322.9 

8300 

9.09xl032 

1.63xl&37 

^  -3  -l 

-1 

watt-cm  -sr  -sec 

sec 

Atomic  Line 

7468.3 

15000 

1.86xl57 

1.72xl07 

**  Center  wavelength 
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Because  of  the  predominant  increase  in  interfering  band  and  line 

radiation  which  accompanies  an  increase  in  width  of  the  wavelength 

increment  of  the  band  at  high  temperatures  (see  Fig.  2),  de t ermine - 

tion  of  the  R  q  factor  for  the  28  A  (BH&0)  increment  could  not  be 

accomplished  at  the  normal  temperature  by  comparing  measured  and 

computed  off-axis  peaks  of  the  emission  coefficient  as  in  the  case  of 
‘  o 

the  3-9  A  increment.  It  was  found  more  practical  to  use  the  previous- 

o  o 

ly  calibrated  3.9  A  increment  to  calibrate  the  28  A  increment  at  lower 
temperatures.  The  dual  recording  system  was  used  for  simultaneous  re¬ 
cording  of  intensities  of  the  two  band  increments  in  a  common  volume 

of  the  plasma.  Using  a  common  pair  of  measured  radial  distributions 

o 

the  calibrated  emission  coefficient  of  the  3*9  A  increment  was  used  to 

determine  the  temperature  of  the  common  volume  element  and  the  absolute 

o 

value  of  the  corresponding  28  A  increment  emission  coefficient  was  then 

2 

compared  with  its  normalized  value  to  yield  the  best  average  Rg  q 
factor  given  in  the  table  above.  The  experimental  data  used  in  this 
calibration  are  from  runs  49  through  59  of  Table  V. 

In  order  to  obtain  an  independent  calibration  for  the  X  7468  NI 
line  the  free-burning  nitrogen  arc  was  used  since  its  axis  temperature 
exceeds  the  normal  temperature  for  the  line.  Radial  profiles  of  the 
emission  coefficient  measured  in  the  mid-plane  with  electrodes  separat¬ 
ed  0.3  inch  are  shown  in  Fig.  8  for  both  the  absorption  corrected  and 
uncorrected  case.  The  absorption  inversion  computer  program  described 
in  Ref.  14  was  used  for  the  correction.  The  transition  probabilities 

(calibration  factor)  obtained  with  and  without  absorption  correction 
7-1  7-1 

are  1.72  x  10  sec  and  1.39  x  10  sec  respectively  which  are  to  be 

7  —1 

compared  with  1.6l  x  10  sec  published  by  the  NBS. 

B.  NITROGEN  PLASMA  JET  TEMPERATURES 

The  photographed  spectra  of  Fig.  2  show  that,  of  all  of  the  resolv¬ 
ed  quartet  groups,  the  Rgg  component  is  the  best  choice  for  temperature 

measurements  since  it  is  free  from  interference  at  all  temperatures.  The 

o 

same  is  true  for  the  3>9  A  band  head  increment  which  also  has  the  ad¬ 
vantage  of  a  good  clear  portion  of  the  continuum  background  (not  observ¬ 
able  in  Fig.  2)  immediately  adjacent  to  it.  The  close  spacing  of  the 
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components  in  the  region  of  Rg  and  the  interfering  spectral  line  near 
R^g  make  it  difficult  to  obtain  accurate  intensity  measurements  of  these 
two  components  with  proper  background  corrections.  The  observed  higher 
value  of  for  -the  R^  component  given  in  the  table  above  clearly  shows 
the  effect  of  this  line  interference.  Typical  experimental  results  for 
all  species  under  differing  operating  conditions  are  given  in  Figs.  9 
through  13*  The  results  of  such  measurements  for  all  of  the  species 
mentioned  above  are  shown  in  Figs.  14  and  15 •  These  results  show  very 
good  agreement  for  the  X3914  Rg  component,  BH&(,  X3371  R^g  component, 
and  the  X7468  atomic  line.  The  consistently  lower  temperatures  obtain¬ 
ed  from  the  R^  component  result  from  the  interference  as  is  also  the 
case  for  the  R^g  component  at  high  temperatures.  The  erroneously  high 
temperatures  obtained  from  the  continuum  result  from  the  application 

of  the  Kramers-Unsold  theory  for  ion-electron  interaction  only  with 
2  - 

Z  g=  1  which  has  been  found  to  give  theoretical  values  for  the  emis¬ 
sion  coefficient  which  are  considerably  lower  than  measured  values;  the 
difference  increases  sharply  with  temperature  reduction. 

These  experimental  results  show  that  the  X3914  Bff^and  X7468 
atomic  line  constitute  the  best  detectors  for  high  temperature  plasmas. 

To  further  demonstrate  the  consistency  of  this  spectroscopic  method 
for  temperature  measurements  the  Rgg  component  of  the  X  3914 
band  and  the  R^g  component  of  the  X3371  band  have  been  measured  in 
combination  with  the  (BH&^),  Figures  16  and  17  show  radial  tempera¬ 
tures  down  to  4800°K.  Similar  data  for  the  R^g  component  are  given  in 
Fig.  18.  The  level  of  temperature  was  changed  by  down  stream  gas  dilu¬ 
tion.  Note  that  as  the  enthalpy  is  reduced  by  the  dilution  it  is  essen¬ 
tially  the  center  temperature  which  is  reduced.  The  dilution  needed  to 
drop  the  temperature  level  corresponding  with  the  lower  limit  of  the 
radiation  detector  is  less  for  the  weaker  R^g  component  of  the  neutral 
band  system  than  for  the  Rgg  component  of  the  ion  band  system.  The 
excellent  agreement  of  the  temperatures  obtained  from  data  of  the  two 
systems  when  compared  with  the  common  ion  band  head  increment  is  strong 
evidence  for  local  thermal  equilibrium  in  nitrogen  plasmas  down  to 
temperatures  as  low  as  4800 °K. 
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The  measurement  of  temperatures  has  also  been  extended  to  lover 
levels  vhile  using  the  X7468  atom  line.  Comparisons  of  the  results 
with  those  obtained  from  the  X3914  BH£y*  increment  (3*9  A)  are  given 
in  Fig.  19.  The  fact  that  the  atomic  line  consistently  gives  higher 
temperatures  is  an  indication  that  either  or  both  species  were  not 
properly  calibrated.  It  was  for  this  reason  that  the  transition  prob¬ 
ability  for  the  atomic  line  was  checked  with  the  free-burning  arc  as 
discussed  above.  The  observed  agreement  of  the  measured  transition 

2 

probability  with  published  values  would  tend  to  indicate  that  the  Re  q 
factor  for  the  band  system  may  still  be  in  question.  Since  the  measure¬ 
ment  of  temperatures  using  the  band  head  increment  at  lower  levels  is  not 

2 

very  sensitive  to  the  adjustment  of  the  Rg  q  factor  required  to  bring 
these  results  into  agreement  and,  in  addition,  the  X7468  line  is  a 
very  poor  diagnostic  probe  for  temperatures  below  6000°K,  improvements 
in  this  absolute  calibration  were  not  pursued  further. 

o 

Increasing  the  band  head  increment  to  28  A  (BH&g)  gave  a  higher 
signal-to-noise-ratio  and  thus  smoother  intensity  traces  at  lower  levels 
of  temperature.  Because  of  the  discriminatory  increase  in  background 
continuum  with  the  wider  slit,  the  lower  temperature  limit  of  applic¬ 
ability  was  not  adjusted  downward  appreciably  in  comparison  with  that 
obtained  with  the  3.9  A  (BH&^)  increment.  Application  of  the  broad 
increment  was  further  limited  by  the  fact  that  when  attempting  to  apply 
it  to  a  portion  of  the  X3371  band  system  it  was  not  possible  to  find  an 
adjacent  region  of  the  continuum  that  is  free  from  interference  from 
other  discrete  radiations  over  a  sufficiently  large  interval  to  permit 
proper  correction  for  the  background. 

The  optical  system  used  to  this  point  in  the  investigation  was 
designed  to  give  spatial  resolution  in  the  source  by  using  a  narrow 
entrance  slit  (50 jJi)  and  a  magnifying  optical  system  (5X).  With  this 
system  some  trade-off  between  resolution  and  signal  to  noise  ratio  was 
provided  by  a  choice  of  entrance  slit  lengths  ranging  from  0.02  in.  to 
0.16  in.;  high  resolution  was  obtained  at  the  expense  of  radiation 
sensitivity.  Extension  of  measurements  to  lower  tenqjeratures  and, 
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consequently,  lover  intensities  required  this  trade-off  between 
spatial  resolution  and  light-gathering  power  of  the  total  spectral 
detection  system. 

The  optical  system,  external  to  the  spectrograph,  was  modified  by 
moving  the  focusing  lens  to  its  conjugate  point  thus  producing  a  4  to 
1  reduced  image  of  the  source  of  the  entrance  slit.  The  two  optical 
systems  are  identified  in  Table  V  by  either  a  +5  or  -4  magnification. 
The  best  results  were  obtained  with  a  compromise  solution  which  sac¬ 
rificed  resolution  equally  in  two  dimensions  by  using  an  entrance 
slit  with  identical  length  and  width  dimensions  of  0.02  in.  in  combin¬ 
ation  with  the  reduced  image  of  the  source.  The  results  of  tempera- 

O 

ture  measurements  using  this  modified  optical  system  and  the  3.9  A 
(Bff&j)  increment  of  the  ion  molecular  band  are  shown  for  Sun  #81  in 
Fig.  22a  where  the  lower  limit  for  temperature  measurement  has  been 
extended  to  3700°K.  The  PSL  instrumentation  previously  used  at  AEDC 
consisting  of  a  small  %  meter  spectrograph  in  combination  with  an 
attached  lens  mounted  on  a  transport  table  to  constitute  a  spectral 
probe,  was  used  in  the  same  manner  as  the  modified  optical  system  to 
determine  the  lower  temperature  limitation  for  such  a  probing  system. 
The  results  given  in  Fig.  22b  show  a  lower  temperature  limit  of  3825 °K 
for  this  system. 

The  sacrifice  of  spatial  resolution  discussed  above  is  not  as 
serious  as  it  might  first  appear.  It  should  be  noted  that  the  plasmas 
investigated  at  PSL  have  diameters  ranging  from  0.25  in.  to  0.50  in. 
whereas  practical  testing  devices  used  by  the  Air  Force  are  in  the 
range  of  1  to  2  in.  dia  and  have  considerably  longer  flames.  The 
sacrifice  of  spatial  resolution  for  increased  sensitivity  does  not, 
therefore,  appear  to  lead  to  serious  limitations  of  these  diagnostic 
methods  in  practical  applications. 

1  3 

As  has  been  previously  reported  *  the  intensity  level  of  the 
continuum  is  considerably  higher  than  that  computed  on  the  basis  of 
the  Kramers-Unsold  theory  for  ions  and  electrons  alone.  While  inves¬ 
tigating  nitrogen  plasmas  at  successively  lower  temperatures  it  was 
found  that  the  corresponding  emission  coefficients  dropped  much  faster 
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for  the  3-9  A  (BH&,  )  increment  of  the  X39*4  band  than  for  the  back¬ 
ground  continuum.  Even  though  attempts  could  be  made  to  develop  more 
sensitive  detectors  for  this  species  of  radiation,  a  lover  limit  would 
ultimately  be  reached  where  the'  desired  signal  would  blend  in  with  the 
background  continuum.  Beyond  this  level  no  further  improvement  in  the 
detector  sensitivity  would  be  useful.  Such  a  limit  has  been  experimen¬ 
tally  determined  by  observing  the  point  at  which  the  band  3*9  A  (BH&  , ) 
increment  of  the  X3914  band  merges  into  the  background  radiation. 

This  occurs  at  3700°K  for  the  one  atmosphere  nitrogen  plasma. 


C.  EXPERIMENTAL  CALIBRATION  OF  NITROGEN  CONTINUUM 

At  the  lower  levels  of  temperature  of  a  one  atmosphere  pure  nitrogen 
plasma, "where  no  discrete  radiation  can  be  detected  for  the  band  systems, 
there  remains  a  very  measureable  continuous  radiation.  The  earlier 
choice  of  discrete  radiation  for  temperature  measurements  was  made 
because  experimental  results  could  be  compared  directly  with  theory 
for  calibration.  This  is  not  the  case  for  the  continuum.  At  best,  as 
discussed  in  Section  III,  the  theory  can  only  be  used  as  a  guide  for 
extrapolation,  to  lower  temperatures,  of  the  experimentally  measured 
emission  coefficients  plotted  against  the  temperature  determined  from 
the  band  head  increment  at  higher  temperatures  where  the  two  species 
of  radiation  can  be  simultaneously  measured. 

To  obtain  a  calibrated  spectral  probe  which  can  cover  a  wide  range 
of  temperature  it  was  necessary  to  look  not  only  at  plasmas  of  various 
average  temperatures  but  to  look  also  at  different  positions  in  the 
plasmas.  Average  gas  temperatures  were  determined  from  heat  balances 
at  the  exit  of  the  flame.  Table  V  gives  the  pertinent  data  on  the 
various  plasmas  investigated  where  z  represents  the  distance  from  the 
exit  of  the  jet.  The  experimental  data  points  of  Figs.  23  and  24  were 
obtained  with  the  same  entrance  slit  width  (0.02  in.)  but  with  differ¬ 
ent  slit  lengths  and  different  exit  slit  widths.  Both  figures  include 
data  obtained  at  two  wavelengths,  i.e.,  X56OO  and  X3920  A.  The  ob¬ 
served  vide  spread  is  due  mainly  to  the  recognized  fact  that  at  longer 
wavelengths  the  continuum  has  a  higher  emission  coefficient  yet  no 
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attempt  has  been  made  to  compensate  for  this  fact  in  these  composite 
plots.  Also  a  clear  indication  of  impurity  radiation  in  the  X  5600  A 
region  was  observed  for  the  jet  and  might  account  for  some  of  the 
spread  of  data.  Temperatures  were  determined  from  emission  coefficients 
of  or  BH^g  measured  simultaneously  with  the  large  spectrograph. 

The  temperature  profile  of  Fig.  22C  was  obtained  from  the  emission 
coefficient  of  the  28  A  increment  of  the  X3920  continuum  by  compar¬ 
ison  with  the  extrapolated  (solid)  curve  of  Fig.  23.  The  source  of 
this  curve  is  discussed  in  detail  in  Section  V. 


D.  EXPERIMENTAL  CALIBRATION  OF  NITROGEN-OXYGEN  CONTINUUM 


This  laboratory  is  equipped  to  experiment  with  air  plasmas  only 
in  the  form  of  nitrogen-oxygen  mixtures  because  the  arc  jet  in  oper¬ 
ation  employs  a  thoriated  tungsten  cathode  which  must  be  protected 
from  any  oxidizing  atmosphere.  The  oxygen  was  introduced  downstream 
of  the  cathode  region  of  the  nitrogen  plasma  yet  upstream  of  the  point 
of  arc  attachment  to  the  anode.  Air  plasma  simulation  was  obtained  by 
selecting  a  mixture  of  20.9^  oxygen  by  volume  indicated  on  flowmeters 
at  room  temperature. 


Table  V  summarizes  the  experimental  conditions  in  the  series  of 
tests  involved  in  this  investigation  where  arc  jet  III  was  used  mainly. 
The  mixture  flow  rates  were  limited  to  two  levels,  i.e.  Ill  scfh  and 
141  scfh.  The  selection  of  different  temperature  profiles  was  achiev¬ 
ed  by  probing  at  different  distances  froln  the  jet  exit  (Z  ).  The 
entrance  slit  used  was  0.02  in.  x  0.02  in.  with  either  spectrograph. 

The  exit  slits  were  selected  to  adapt  to  the  species  of  radiation 
considered.  The  R^g  component  of  the  neutral  band  system  (X337l)» 

3-9  A  (BH&^)  and  28  A  (BH&g)  increments  of  the  ionized  band  system 
(X3914),  and  the  X7468  atomic  nitrogen  line  were  the  three  species 
used. 


Profiles  of  the  emission  coefficient  for  the  plasma  flame  at 
different  distances  from  the  jet  axis  for  two  different  flow  rates  are 
shown  in  Figs.  23  and  26.  Temperatures  determined  from  the  latter 
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set  are  shown  in  Fig.  27.  The  corresponding  \3914  band  increment  or 
atomic  line  has  been  used  to  determine  the  temperature  profile  of  the 
jet  in  the  range  where  these  species  emit  and  just  above  the  level 
-where  the  radiation  disappears  into  the  background  continuum.  For 
the  band  head  this  occurs  at  4500°K  and  for  the  atomic  line  at  5000°K. 
These  temperature  profiles  obtained  with  the  R^g  component  of  the  neutral 
band  and  the  3*9  A  (BH&,  )  increment  of  the  molecular  ion  band  measur¬ 
ed  at  the  same  position  in  the  simulated  air  plasma  are  shown  in 
Fig.  29.  It  is  to  be  noted  that  all  of  the  species  investigated  give 
the  same  temperature  profile  in  the  temperature  range  covered. 

In  a  manner  similar  to  that  described  above  for  pure  nitrogen 
0  0 

plasmas,  both  the  3*9  A  (BH&^)  and  28  A  (BH&g)  increment  of  the  ion 
band  system  have  been  used  to  calibrate  the  continuum  which  is  the  only 
radiation  detectable  below  4300 "K.  Calibration  curves  for  the  continu- 

0  v  o 

um  obtained  by  comparison  with  the  3*9  A  wavelength  increment  at  /y.3920  A 
for  111  scfh  and  141  SCFH  are  shown  in  Figs.  30  and  31  respectively. 

Here,  as  in  the  case  of  nitrogen,  the  temperature  was  determined  from 
the  simultaneously  measured  \3914  BH^  emission  coefficient  using 
the  large  spectrograph.  The  temperature  scale  of  Fig.  30  was  establish¬ 
ed  by  referring  the  measured  emission  coefficient  to  the  temper¬ 

ature  profile  computed  for  the  equilibrium  air  plasma.  The  temperature 
scale  of  Fig.  31  was  established  by  reference  to  the  temperature  profile 
of  BH&^  computed  for  a  79$-21$  mixture  of  equilibrium  nitrogen  and  oxygen 
plasmas.  This  is  discussed  further  in  Section  V. 

An  rf  plasma  was  used  to  investigate  the  air  plasma  in  an  effort  to 
observe  any  possible  effects  of  gas  mixing.  Stable  plasmas  were  induc¬ 
ed  in  both  air  and  nitrogen  at  plate  power  inputs  ranging  from  50kw  to 
100  kw  and  in  a  4  in.  dia,  air  cooled,  transparent  quartz  tube  with  swirl 
gas  flow  ranging  from  30  to  30  scfh.  The  optical  system  reduced  the 
image  of  the  source  at  the  spectrograph  slit  to  one  seventh  of  its  actual 
size.  A  pre-calibrated  tungsten  lamp  was  used  as  a  radiation  standard. 

Because  of  strong  rf  interference  with  the  X-position  and  inten¬ 
sity  signals,  graphic  recording  of  radial  intensity  profiles  was 
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difficult.  This  interference  was  minimized  by  zeroing  out  the  rf 
background  signal.  The  3-9  A  increment  of  the  X3914  band  and 

the  \7468  atomic  line  measured  on  the  large  spectrograph  were  both 
used  in  conjunction  with  separate  traces  of  their  respective  continua 
in  the  air  and  nitrogen  rf  plasmas.  Figure  32  gives  the  emission  coef¬ 
ficient  ( £  )  profiles  and  Fig.  33  the  temperature  profiles  for  these 
experiments.  Figure  34  shows  the  experimental  calibration  curves  for 
€  versus  T  for  the  corresponding  continuum,  using  for  reference  the 
temperatures  measured  with  both  the  band  head  increment  and  the 
atomic  line. 

Considering  the  difficulty  encountered  with  intensity  recording 
in  the  presence  of  rf  interference  these  results  look  satisfactory. 

The  temperature  given  by  the  atomic  line  looks  higher  because  no 
correction  has  been  made  for  self-absorption  in  the  large  diameter 
plasma.  This  effort  was  not  pursued  further  because  it  was  obvious 
that  the  range  of  temperatures  encountered  was  too  high  to  permit 
any  definite  selections  of  the  calibration  curves  for  nitrogen- 
oxygen  mixtures. 
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V.  DISCUSSION 


The  forms  of  empirical  curves  that  have  been  fit  to  measured 
temperature  profiles  for  the  electron  continuum  (see  Fig.  23)  can 
best  be  understood  by  refering  to  the  type  of  log-log  plot  of  Fig.  35. 
On  such  a  plot  any  simultaneous  measurement  of  the  two  emission  coef¬ 
ficients  in  a  given  volume  of  plasma  uniquely  defines  an  experimental 
point.  In  this  way  data  from  any  plasma  at  the  same  pressure  can  be 
compared.  For  example  the  data  points  indicated  by  (x)  were  obtain¬ 
ed  from  the  high  temperature  jet  (i)  and  those  by  (o)  from  the  low 
temperature  jet  (ill).  The  analytical  equilibrium  characteristic 
curve,  shown  in  Fig.  35  for  comparison,  was  obtained  by  plotting  the 
computed  emission  coefficient  of  the  total  continuum  of  Fig.  6  as 
ordinate  against  that  of  the  BHA^  increment  of  the  molecular  ion 
band  (taken  from  Table  IV  after  correction  with  the  experimentally 
determined  calibration  constant)  as  abcissa  with  temperature  as 
parameter. 

The  data  presentation  of  Fig.  35  vividly  shows  the  existing  dis¬ 
crepancy  between  theory  and  experiment  for  the  electron  continuum  in 
nitrogen.  This  discrepancy  can  be  interpreted  in  terms  of  either  or 
both  of  the  species  of  radiation.  Since  the  ion  band  increment  has 
been  shown  to  give  temperatures  which  are  in  excellent  agreement  with 
those  obtained  from  both  the  neutral  band  and  the  atomic  line,  it  is 
not  conceivable  that  such  a  large  discrepancy  can  be  interpreted  by 
an  error  in  relating  the  analytical  data  to  temperature  determined 
from  BHA^.  It  is,  therefore,  assumed  that  the  total  electron  con¬ 
tinuum  calculated  from  nitrogen  has  not  been  properly  related  to  tem¬ 
perature.  As  the  dashed  curve  shows,  an  increase  of  the  neutral  mole¬ 
cule  absorption  cross-section  by  nearly  six  orders  of  magnitude  would 
be  needed  to  bring  the  data  into  agreement  at  4000°K  but  would  still 
not  yield  a  slope  which  fits  the  experimental  points.  It  has  been 
found,  however,  that  an  empirical  curve  €  =  kN9N  fits  very  well  in 
the  low  temperature  range  and  can  be  used  to  extrapolate  the 


28 


AE  DC-T  R-70-239 


experimental  calibration  curve  for  the  continuum  to  lower  temperature 
where  the  discrete  radiation  is  completely  masked  by  the  continuum  as 
a  background.  The  horizontal  and  vertical  dashed  lines  are  drawn  in 
Fig*  35  to  denote  the  temperature  level  of  4000°K  below  which  the 
continuum  becomes  equal  to  or  stronger  than  the  band  radiation.  The 
solid  curves  of  Figs.  23  and  24  show  the  low  temperature  extrapolation 
of  this  empirical  1  atm  nitrogen  curve. 

Attempts  to  fit  three  different  sources  of  the  continuum  in  an 
air  plasma  to  the  experimental  data  of  Fig.  30  obtained  from  a 
nitrogen-oxygen  mixture  were  not  successful  as  in  the  case  of  the 
nitrogen  plasma.  The  observed  similarity  in  shape  of  the  nitrogen 
empirical  curve  (shown  for  comparison  in  Fig.  30 )  with  the  data  for 
a  nitrogen-oxygen  mixture  leads  one  to  suspect  that  the  relatively 
slow 

NO  ^  N0+  +  e 

reaction  which  accounts  for  the  considerably  higher  electron  density 
and  consequently  a  strong  0_  continuum  is  not  complete  in  the  mixed 
plasma  jet  because  of  insufficient  residence  time  or  incomplete  mix¬ 
ing  of  the  added  oxygen.  The  absence  of  NO  was  practically  observ¬ 
ed  by  the  conspicuous  lack  of  the  characteristic  odor  during  extended 
periods  of  operation  of  the  nitrogen-oxygen  jet  without  the  quench 
chamber.  Since  the  absence  of  this  reaction  in  the  nitrogen-oxygen 
mixture  would  cause  the  number  densities  of  electrons  and  neutral 
molecules  to  be  lower  and  the  number  density  of  ionized  molecules  to 
be  higher  than  in  an  equilibrium  air  plasma,  the  experimental  data 
points  of  Fig.  30  would  tend  to  be  shifted  to  lower  temperatures  and 
the  empirical  curve  €  =  2.2  x  shifted  to  lower  intensities. 

To  test  the  hypothesis  that  the  NO  reaction  has  not  been  completed 
in  the  nitrogen-oxygen  plasmas  investigated,  the  temperature  dependence 
of  the  emission  coefficients  €  =  kNgN^  and  BH&^  have  been  computed 
from  number  densities  taken  as  79/6  of  those  for  an  equilibrium  nitrogen 
plasma  and  21$  of  those  for  an  equilibrium  oxygen  plasma.  The  particles 
in  a  given  volume  element  resulting  from  the  two  independent  plasmas  are 
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then  assumed  to  be  thoroughly  mixed.  The  experimental  data  points  of 
Fig.  31  have  been  plotted  against  temperatures  obtained  from  the 
increment  for  this  hypothetical  mixture.  The  solid  curve  has  also 
been  computed  for  the  hypothetical  mixture  assuming  the  same  propor¬ 
tionality  constant  as  determined  for  the  nitrogen  plasma.  The  observ¬ 
ed  agreement  seems  almost  fortuitous;  more  experimental  and  theoretical 
work  is  needed  to  confirm  this  hypothesis  than  was  possible  within  the 
scope  of  this  investigation. 

In  the  same  manner  as  was  done  for  the  nitrogen  plasma,  the  orig¬ 
inal  data  from  which  the  plot  of  Fig.  31  was  made  have  been  compared 
in  Fig.  36  with  the  equilibrium  characteristic  curve  for  air  at  1  atm. 
These  results  are  rather  startling  and,  in  fact,  somewhat  disturbing 
when  compared  with  the  similar  comparison  (Fig.  35)  Tor  nitrogen.  One’s 
first  interpretation  is  that  the  contribution  to  the  air  continuum  by 
recombination  to  form  the  0  ion  accounts  for  raising  the  computed  con¬ 
tinuum  into  much  better  agreement  with  experimental  results;  this  is 
in  direct  contradiction  with  the  observations  made  above.  Alternatively, 
it  might  be  argued  that  the  enhancement  of  the  experimental  continuum 
for  the  nitrogen  plasma  results  from  an  impurity  of  oxygen.  This  has, 
however,  been  completely  ruled  out  by  the  observed  fact  that  the  same 
experimental  results  have  been  obtained  from  the  nitrogen  plasma  ex¬ 
hausting  directly  into  room  air  or  into  a  nitrogen  filled  quench 
chamber.  Furthermore,  the  agreement  of  the  shape  of  the  experimental 
curve  of  Fig.  31  with  the  empirical  curve  for  the  hypothetical  plasma 
and  the  significant  disagreement  with  the  equilibrium  air  curve  lends 
strong  support  to  the  hypothesis  of  the  mixed  nitrogen  and  oxygen 
plasmas . 


In  order  to  resolve  the  problems  raised  by  this  investigation  on 
"air"  plasmas  it  would  be  necessary  to  operate  on  "pure"  air  plasmas 
such  as  are  in  operation  in  the  Air  Force  Research  and  Development 
Laboratories.  It  should  be  noted  that,  despite  the  extensive  use  of 
air  plasmas  for  material  testing  the  only  quantitative  work  on  the 


emitted  continuum  has  been  carried  out  on  rf  plasmas  or  shock  tubes 


15,16 


at  temperature  above  6500°K  where  agreement  with  the  theory  is  rela¬ 
tively  good.  Infrared  measurements  made  by  Taylor**’  on  shocks  in 
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nitrogen  and  air  at  wavelengths  greater  than  2  jj,  are  found  to  be  of 

the  same  order  of  magnitude  as  the  results  of  this  work  in  the  UV. 

From  the  computed  wavelength  dependence  of  the  Bremsstrahlung  for 

12 

both  nitrogen  and  air  this  should  be  expected.  In  the  case  of 

nitrogen  the  experimental  results  reported  here  are  in  agreement 

with  Morris,  et  al.  at  the  9000°K  point.  Lower  temperatures  were 

not  reported  in  the  reference  because  of  claimed  deviations  from 

15 

equilibrium.  Hammerling,  .Tear  and  Kivel  have  shown  that  in  shock 
tubes  the  radiation  overshoots  its  equilibrium  value  during  relax¬ 
ation  due  to  coupled  vibration  dissociation.  This  effect  can  be 
neglected  here  since  the  relaxation  time  is  of  the  order  of  1 fJL  sec 
and,  more  significantly,  the  effect  would  be  to  shift  the  calibra¬ 
tion  curves  for  the  continuum  in  the  opposite  direction  of  that  ob¬ 
served  here. 
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VI.  CONCLUSIONS  AND  RECOMMENDATIONS 


.It  can  be  concluded  from  the  results  of  this  investigation 
that,  at  least  in  the  case  of  nitrogen,  the  measured  continuum  below 
5000°K  at  atmospheric  pressure  is  proportional  to  the  product  of  the 
number  densities  of  neutral  molecules  and  electrons  yet  considerably 
greater  than  that  given  by  the  theory  for  the  electron  continuum 
emitted  by  an  equilibrium  plasma.  The  extrapolated  calibration  curve 
given  in  Fig.  37  shows  that  for  a  detection  limit  of  13  vatt-em - 
sr^-sec,  which  is  estimated  for  the  existing  diagnostic  facilities, 
the  lower  limit  for  temperature  measurements  in  a  1  atm  nitrogen 
plasma  is  2900°K.  At  higher  pressures,  for  example  30  atm,  the  lower 
temperature  limit  is  reduced  to  2400°K  assuming  the  same  calibration 
constant.  Furthermore,  changes  in  pressure  from  10  to  30  atm  at 
3000 °K  results  in  only  a  250 °K  change  in  temperature  for  a  given 
emission  coefficient  as  shown  in  Fig.  37- 

Initial  attempts  to  develop  a  similar  calibration  curve  for  the 
1  atm  air  plasma  by  applying  the  same  analytical  and  experimental 
methods  to  a  mixed  nitrogen-oxygen  plasma  jet  have  led  to  the  conclu¬ 
sion  that  the  jet  really  behaves  as  a  79^-21$  mixture  of  equilibrium 
nitrogen  and  oxygen  plasmas.  Contrary  to  observations  with  the  nitro¬ 
gen  plasma  the  continuum  measured  in  the  mixed  plasma  agrees  relatively 
well  with  the  analytical  data  computed  for  an  equilibrium  air  plasma. 
The  curves  of  Fig.  37  show  that  for  a  given  measured  emission  coeffi¬ 
cient  the  temperatures  determined  by  the  two  calibration  curves  would 
differ  by  only  400°K  at  3000°K.  Assuming  that  the  same  relationship 
holds  at  elevated  pressures,  the  same  temperature  limits  can  be  hypoth¬ 
esized. 

It  is  recommended  that  the  diagnostic  methods  and  apparatus 
developed  under  this  contract  be  used  to  establish  the  lowest  level 
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of  temperatures  encountered  in  a  practical  Air  Force  testing  facility. 
A  more  extensive  follow-on  research  and  development  program  should 
then  be  undertaken  to  investigate  the  air  plasma  with  the  same 
thoroughness  as  reported  here  for  the  nitrogen  plasma.  With  a  prop¬ 
er  calibration  of  the  low  temperature  air  continuum  a  rapidly  scan¬ 
ning  diagnostic  system  can  be  designed  for  the  monitor  and  control 
of  practical  material  testing  facilities. 
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Fig.  1.  Schematic  diagram  of  experimental  apparatus. 
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Fig.  2.  Spectra  of  neutral  and  ionized  nitrogen  molecules  emitted 
by  1  atm  nitrogen  plasmas  in  high  (A)  and  low  (B) 
temperature  ranges. 
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Fig.  5*  Simultaneous  recording  of  the  X6965  Ar  I  atomic  line 
and  the  A  5600  continuum  using  the  chopped  x-y 
recording  system. 
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Fig.  6.  Computed  absolute  emission  coefficients  of  the  several 
sources  of  continuum  emitted  by  1  atm  nitrogen  and 
air  plasmas. 
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Fig.  7.  Measured  radial  profiles  of  the  emission  coefficient 
for  several  species  of  radiation  emitted  by  the 
nitrogen  plasma  at  1  atm. 
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Fig.  8.  Measured  radial  profile  of  the  A7468  NI'  line  emission 
coefficient  emitted  by  a  1  atm  free-burning  nitrogen 
arc  with  and  without  absorption  correction. 
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Fig.  9*  Bnission  coefficient  vs  radius  for  the  BH&j 

increment  and  the  X.7468  atomic  line  in  a  1  atm 
nitrogen  plasma  jet  at  62.5  scfh  gas  flow. 
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Fig.  10.  Emission  coefficient  vs  .radius  for  the  A3914 

increment  and  the  A  7468  atomic  line  in  a  1  atm 
nitrogen  pla.Bma  jet  at  57  scfh  gas  flow. 
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Fig.  11.  Emission  coefficient  vs  radius  for  the  \3914 

increment  and  the  \7468  atomic  line  in  a  1  atm 
nitrogen  plasma  jet  at  48  scfh  gas  flow. 
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Fig,  12,  Composite  radial  plots  of  emission  coefficients  for 
several  species  of  radiation  for  a  1  atm  nitrogen 
plasma  jet  at  62.5  scfh  gas  flow. 
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Fig.  13.  Emission  coefficient  vs  radius  for  the  \5600  continuum 
in  a  1  atm  nitrogen  plasma  jet  at  62.3  scfh  gas  flow. 
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Fig.  14.  Radial  temperature  prefiles  determined  from  data  of 

Figs  7»  12  and  13  using  calibrated  emission  coefficients. 
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Fig.  15.  Radial  temperature  profiles  determined  from  data  of 

Figs.  9,  10  and  11  using  calibrated  emission  coefficients. 
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Fig.  16.  Comparison  of  radial  temperature  profiles  determined 
from  the  A  391^  increment  and  the  Rgg  component 

for  several  gas  dilutions  at  low  flow  rates. 
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Fig.  17.  Comparison  of  radial  temperature  profiles  determined 
from  the  A.  3914  BH&j  increment  and  the  R component 
for  several  gas  dilutions  at  high  flow  rates. 
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Fig.  18.  Comparison  of  radial  temperature  profiles  determined 
from  the  A  3371  R^s  component  and  the  A  3914  BH&j 
increment  for  tvo  gas  dilutions. 
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Fig.  19.  Comparison  of  radial  temperature  profiles  determined 

from  A  7468  atomic  line  and  the  A3914  increment 

for  several  gas  dilutions. 
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Fig.  20.  Emission  coefficients  ys  radius  for  -the  A  3914 
increment  using  arc  jet  III  at  three  different 
gas  flows. 
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Fig.  21.  Badial  temperature  profiles  determined  from  the  emission 
coefficient  profiles  of  the  A3914  BHQ.  increment  shovn 
in  Fig.  20. 
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Fig.  22.  Radial  temperature  profiles  showing  the^lov  temperature 
limitations  of  the  A  -391^'  increment  and  the 

28  A  increment  of  the  A  3920  Cont. 

5,7 
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Fig.  24.  Experimentally  determined  values  of  the  continuum  emission 
coefficient  vs  temperature  determined  from  the  BH&g 
increment  of  the  A  3914  N't  band  system. 
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Fig.  25.  Emission  coefficient  vs  radius  for  «he  A  3920  continuum 

■with  Z  as  a  parameter  at  a  constant  flow  rate  of  111  scfh 
in  a  nitrogen-oxygen  plasma. 
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Fig.  26.  Emission  coefficient  vs  radius  for  .the  A  3920  continuum 

with  Z  as  a  parameter  at  a  constant  flow  rate  of  141  scfh 
in  a  nitrogen-oxygen  -plasma . 
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Fig.  27.  Temperature  vs  radius  for  the  nitrogen-oxygen 
plasmas  determined  from  the  data  of  Fig.  26 
using  the  calibration  curve  of  Fig.  23* 
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Fig.  28.  Temperature  vs  radius  for  the  two  flow  rates  (a)  111  scfh 
and  (b)  141  scfh  in  a  nitrogen-oxygen  plasma. 
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A  EOC-TR  -70-239 


Fig.  29-  Temperature  vs  radius  for  the  A 3914 

band  head  increment  and  the  R_g  component 
of  the  neutral  band;  the  solid  curve 
labeled  (l)  is  for  the  band  head. 
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Fig.  30. 


Qnission  coefficient  vs  temperature 
for  the  A3920  continuum  at  a  flow 
rate  of  111  scfh  in  a  nitrogen-oxygen 
plasma;  temperature  determined  from 
A3914  BH£r 
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TEMPERATURE  (°K  X  I03) 


Fig.  31 •  Bnission  coefficient  vs  temperature  for  the 
A.3920  continuum  at  a  flow  rate  of  141  scfh 
in  a  nitrogen-oxygen  plasma;  temperature 
determined  from  A3914  HB&, . 
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Fig.  32.  Emission  coefficient  vs • radius  for  nitrogen  and  air 
in  an  rf  plasma. 
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Fig  33.  Temperature  versus  radius  for  nitrogen  and  air  in  an  rf 
plasma. 
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Fig. 34.  Experimental  continuum  emission  coefficient  versus 
* 

temperature  using  the  corresponding  band  head 
increment  and  atomic  line  for  reference  in  an 
rf  air  plasma. 
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Fig.  35.  Comparison  of  experimental  data  with  equilibrium 
characteristic  curve  for  1  atm  nitrogen  plasma. 
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Fig.  J6.  Comparison  of  experimental  data  with  equilibrium 
characteristic  curves  for  1  atm  air  and  mixed 
nitrogen-oxygen  plasmas. 
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Fig.  37.  Extrapolated  calibration  curves  for  X 3920  continuum 
for  nitrogen,  nitrogen-oxygen  mixture  and  air  plasmas. 


72 


TABLE  I.  PARTICLE  NUMBER  DENSITIES  AND  PARTITION  FUNCTIONS  USED  IN  ALL  COMPUTATIONS. 


T 

PARTITION 

PARTICLE  NUMBER  DENSITIES  (cm5) 

°K 

FUNCTIONS 

NITROGEN  -  1 
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AIR-1  ATM  1 

U2 

U 

0 

N2 

V  j  N- 

N 

0 

N 

e 

N2 

V 

N 

N 

0 

N 
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0_ 

2000 

* 
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4.00 

3.6718 
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1.43  00 
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2.92°9 

3.5106 

4 

2.835 
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3-0618 
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2.3518 
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6.65 i-4 
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4.9408 
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1.563 
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2.6218 

6.3105 

5.44-5 
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6.3205 
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1.14°° 

7.9412 

1.6610 

3.895® 

3200 
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4.00 

2.2918 
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5-55-2 

1.0614 

3 . 72 07 

1.6618 

4. 33 03 

2. 79 02 

9.1213 

2.2211 

6.0679 

-  3600 

1.053 

2.433 

4.00 

2.0418 
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t 1.24 01 

7.1214 
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1.4018 

3.4805 

I’7?04 

5.9314 

1.5112 

3.7881' 
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9.32°2 

3.2315 

1.1610 
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2.6315 

6.2712 

1.13111 

4400 
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4.02 

1.6618 
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3-2204 
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9.6310 
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5. 02 06 

8.9615 

1.8613 

2.12211 

4800 
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4.333 

4.03 

1.5018 

4.7811 

6 . 22 05 

3.0516 

5.8011 

9.6417 

4.0209 

3.83°7 

2.4716 

4.4213 

3-15011 

5200 

1.963 

,.«3 

4.05 

1.3418 

1.9012 

7.6906 

7.1210 
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8.6l17 

3.7110 

2.0308 

5.7316 

9.0313 

4.10611 

5600 

2.233 

6.063 

4.08 

1.1718 
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6. 64 07 

1.4417 

1.0813 

7.4917 

2.4711 

8.13°8 

1.1617 
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4.89311 
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2.523 

7.093 

4.11 

9.6617 

1.4313 

4.2108 

2.5717 

3.5913 

6.1817 

1.2412 

2. 52 09 
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2.6914 
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2.843 
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4.14 
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2.0109 

4.0517 

1.0614 

4.2217 
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6.4009 

3.2417 

4.0814 
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9A73 

4.19 
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4.6113 
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5.6617 

2.6l14 
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1.3310 

4.5117 

5.9414 

5.71011 
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3.523 

4 

1.09 

4.23 

3.1217 

6.2313 

2.0610 

7.0517 

5. 79 14 

1.9717 

2.6213 

2.5210 

5.5817 

8.8714 

6.04511 

7600 

3.893 

4 

1.23 

4.29 
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4.6610 
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1.0817 
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4.5010 
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4.283 

4 
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4.35 
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7.6310 

6.4917 

2.2615 

5.94411 

8400 

4.693 

1.574 

4.42 

4.3616 

7.0513 

1.-4911 

8.2317 

3.5315 

2.7516 

4.4913 

1.2211 

6.4617 

3.6315 

1.11012 

8800 
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1.764 

4.49 
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2.6011 

8.0117 

5.6315 

1.3816 

4.2813 

1.8411 
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5.6615 
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9200 

5.583 

1.964 

4.56 

1.1516 
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3.3511 
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8.5915 
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3.9813 
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6.0317 

1.0416 
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4.64 
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4.6211 
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3.9215 

3.6413 

3.6311 

5.7517 

1.2516 

2.21712 

10000 
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2.414 

4.72 

3.3715 

4.8813 

6.0811 

6.9517 

1.7916 

2.1815 

3.3113 

4..7711 

5..4417 

1.7716 

2.68512 

*  Superscript 
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power 
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COMPUTED  NORMALIZED  EMISSION  COEFFICIENTS  FOR 
INDIVIDUAL  COMPONENTS  AND  SEXTET  GROUPINGS  OF 
THE  N2(2+)(0,0)  X.3371  A  BAND  SYSTEM  EMITTED 
BY  A  1  ATM  NITROGEN  PLASMA 


LEGEND 

T  Equilibrium  Temperature,  °K 


J 

Upper  rotational  Btate  quantum 

number  for  the  R^  branch  component 
(E3)  of  the  %2-^57T2  subband 
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52 

0. 6026914c 

32 

0 1 59405506 

37 

0 

41419766 

35 

0  .59970346 

32 

0.5912148= 

32 

0.5828596E 

32 

0 

409327BE 

35 

0 , 5878i7  (lb 

32 

0.5796Q996 

32 

p.57l530J= 

32 

0 

4042506E 

35 

n ,5758426b 

32 

0.56791076 

32 

0.56010026 

32 

0 

3  9  89884  E 

55 

0.5637923E 

32 

0.55612946 

32 

0.54858216 

32 

0 

3«3549iE 

35 

T  » 

J 

0 

10000.0 

U*M0» 

,3357o8oE-0* 

El 

0.4*730226 

32 

62 

0-4210*416 

32 

63 

0.39643186 

32 

E4 

0 . 7152373b 

32 

65 

0,69261056 

32 

0 

E6 

.6726*00= 

32 

0 

=JT 

•  3348266E 

33 

17 

0 

,33559506-0* 

0 .4685964E 

32 

0,44257956 

32 

0.4181093E 

32 

0.72087476 

32 

0 . 7005993E 

32 

0 

.680*5156 

32 

0 

■  3431 711E 

33 

18 

D 

.33547606-0* 

0 . 4B92892E 

32 

0.46351926 

32 

0.4392072E 

32 

0.72774006 

32 

0.70781B2E 

32 

0 

,  6BB497i)E 

32 

0 

•  35i6o  7oF 

33 

1» 

0 

.33535506-0* 

0. 50933326 

32 

0.48382026 

32 

0.4596824= 

32 

0.73380336 

32 

0 .71423836 

52 

0 

,  6952*78; 

82 

0 

.5596125E 

33 

20 

0 

,33522906-0* 

0,52872856 

32 

0.50347866 

32 

0.4795290b 

32 

0.739o9a<>E 

52 

0 .719891156 

32 

0 

.70123396 

32 

0 

.36719576 

33 

21 

0 

,33509906-0* 

0.547*4996 

32 

0.52246956 

32 

0.4987213= 

32 

0,74361976 

32 

0.72477366 

32 

0 

7064540c 

32 

0 

.37454B7E 

33 

22 

0 

,33496506-0* 

0.5654763E 

32 

O.5407744E 

32 

0.21724026 

32 

(1.74738036 

32 

11. 72B89»0b 

32 

0 

.710*159= 

3? 

0 

■  36106836- 

-3  3- 

23 

0 

,33482806-0* 

0.58278696 

32 

0.55836996 

32 

0,23506156 

32 

0. 75037986 

52 

D.7322587E 

52 

G 

.71*62046 

52 

0 

.5873*776 

33 

24 

0 

,33468606-0* 

0.59937906 

32 

0.57525336 

32 

0.5521815= 

32 

0 , 75264/6E 

32 

0,73489026 

32 

0 

,7l7595l6 

32 

0 

,5*3l9*7E 

33 

25 

0 

,  3345*106-0* 

0.61522*3= 

32 

C .59139696 

32 

0 .56857226 

32 

0.75=i77RE 

32 

0 . 7367848E 

32 

0 

.70983*56 

32 

0 

•  3»B59906 

34 

2« 

a 

,33439io6-0* 

0.63032=06 

32 

0 . 6066018E 

32 

0  .58443376 

32 

0 ,75500236 

32 

0.737973*6 

32 

0 

.72136876 

32 

0 

•*03570*6 

33 

27 

0 

,33423806-0* 

0.64465496 

32 

0.621**246 

32 

0.5991*01= 

32 

(1.755117.36 

32 

0.73845276 

32 

0 

•7221»*2= 

32 

0 

•  *0810028 

33 

28 

0 

,334o8io6-0* 

0.6582120= 

32 

0.6353159E 

32 

0.6132880= 

32 

0.7545=756 

32 

0,73824656 

32 

-0 

.722334== 

3? 

c 

.4121944 k~3S 

2» 

0 

,33391906-0* 

0.67g9964E 

32 

U. 6=842196 

32 

0.62667616 

32 

0 ■ 75331B3E 

32 

0  *  7373799E 

32 

0 

•7218140b 

32 

0 

.41596076 

33 

30 

a 

,33375406-0* 

] ,68298566 

32 

0.66073826 

32 

0,63928216 

32 

(1. 75142*16 

52 

0.73585226 

32 

0 

.7236322= 

32 

c 

,4i9j9i9E 

33- 

31 

0 

,33358606-0* 

0-6941743E 

32 

3.67225*16 

32 

C  •65UOOOE 

32 

0.74889806 

32 

0.733681=6 

32 

D 

. 7i88o65c 

32 

0 

.421891*6 

33 

32 

0 

,33341206-0* 

0.7045S42E 

32 

0.68300526 

32 

0-6621489= 

32 

0, 74577076 

32 

C . 730*1226 

32 

0 

.7063810c 

32 

c 

.*2428026 

33 

33 

0 

,33323606-0* 

0.71*17996 

it 

0-69294176 

32 

0i6723947E 

32 

0-742o3ioE 

32 

0. 72752906 

32 

i 

,713340*6 

32 

c 

•*262*176 

33 

34 

■0 

,33305606-0* 

0,72297776 

32 

0.70208436 

32 

0 .68iB52oE 

32 

0.7377159E 

32 

0.72356*16 

32 

-  0 

.70972126- 

32 

-c 

.42779216  -3-3-j 

35 

0 

,33287006-0* 

0, 7309965E 

32 

0 . 710*5076 

32 

0.6902377= 

32 

0.73286696 

32 

0.7l907c2b 

32 

n 

.7055toB6 

32 

c 

.  42894s JE 

33 

36 

0 

,33268306-0* 

0.73819516 

32 

0.7i8coo9= 

32 

0,6984:236 

32 

0.72745796 

32 

0-7l4010tb 

32 

0 

,  70083736 

it 

0 

.4296915= 

33 

37 

Q 

,332*9106-0* 

0.7**61256 

32 

0.72477256 

32 

0.7055122F 

32 

0 . 72l54o0E 

32 

0.7084=476 

32 

3 

,6956057c 

32 

c 

. *3  0  J**  *b 

33 

38 

0 

,33229406-0* 

0.7502543E 

32 

3.7307710= 

32 

0, 711842 3E 

32 

0, 7151555= 

32 

0.7023*556 

32 

0 

,68988746 

32 

0 

•430O3O6E 

33 

39 

0 

,332o95o6-0* 

0.7551O14E 

32 

3-73597646 

32 

0.71738326 

32 

0.7082502= 

52 

0.69585926 

32 

u 

,  6836791b 

32 

0 

.4296279E 

33 

-40- 

0 

i 33l89 106-0* 

0.7591878E 

32 

3.7404231= 

32 

0-72216786 

32 

0,700*6946 

52 

0 , 6888834  E- 

32 

-1) 

,677o2b0b -^2- 

-0 

.42886596-33  — 

41 

0 

.33168406-0* 

0.76250526 

32 

3.74=10246 

32 

0.72618756 

32 

0,6932286= 

32 

0.6B147J9E 

32 

0 

,6699397b 

32 

0 

,42774376 

33 

42 

0 

.331*7406-0* 

0.78506436 

32 

0.7470245E 

32 

0.7294583E 

32 

0 . 685381 OE 

32 

9.67365356 

32 

0 

,  6624369b 

32 

3 

.42627126 

33 

43 

a 

,33125906-0* 

0.78689516 

32 

0. 74921906 

32 

0. 731«9o76 

32 

0,67656606 

32 

0.6654612b 

32 

0 

,6545582b 

32 

0 

.42446906 

33 

44 

0 

,33103806-0* 

0.76802036 

32 

0.75070766 

32 

0.73382416 

32 

0,66771416 

32 

0.6569274b 

32 

0 

,64633366 

32 

0 

. 4  223527E- 

33 

45 

0 

.33081106-0* 

0 . 768*5336 

32 

0.75150426 

32 

0.73496596 

32 

0 , 6585475E 

32 

0.64807406 

32 

0 

,6377849b 

52 

0 

.419*330= 

33 

-46  - 

0 

,-33o577oE-0* 

0.76822O2E 

32 

■0.7*163276 

Si 

0 . 735=394F 

32 

B.6490961E- 

32 

0  ■  63B93076- 

32 

-  0 

,  62B9  =  l5b- 

-32- 

—9 

41722*16—33 — 

47 

a 

,33033806-0* 

0, 7673166E 

32 

0.75109066 

32 

0.73524226 

32 

(!. 63936586 

32 

0.62V5035E 

32 

a 

.6198096E 

32 

0 

.41*23286 

35 

48 

0 

i330092CE-0* 

0 • 7657784E 

32 

0.74991236 

32 

0,73440816 

32 

0,62*3*386 

32 

0.61982*36 

32 

0 

,610*2576 

32 

0 

.410*7486 

33 

49 

0 

,32983906-0* 

0 , 7636231E 

32 

0.748H526 

32 

0 , 7329  541E 

32 

0,61920106 

0,60880066 

32 

0 . 6Q992B9E 

32 

0 

.6008105E 

32 

0 

.  4074633E 

35 

50 

0 

,32958006-0* 

0.76085936 

32 

0.7457078= 

32 

0. 730*8866 

32 

32 

5.5998155E 

32 

0 

.590*7736 

82 

0 

.40370**6 

35 

51 

0 

.32931*06-0* 

0.7575150E 

32 

0.74271766 

32 

0.72823876 

32 

0,5*822056 

32 

0 . 5895169E 

32 

(i 

.580*5356 

32 

3 

•39971*26 

33 

52 

0 

.3290*206-0* 

0.75360026 

32 

0.73915476 

32 

0-.  72591436 

32 

0 , 5874734E 

32 

0 . 57904566- 

32 

--  0 

1 5-70  7521E- 

-32 

-9 

-3*550*06 

-S3— 

53 

0 

.3287620E-0*  • 

0.74B1530E 

32 

0.73505646 

32 

0.7212522E 

32 

0 ■ 576593 DE 

52 

3.56643576 

32 

0 

,560*0626 

52 

0 

.39108*76 

33 

54 

a 

,32847606-0* 

0.74417516 

32 

0.73042476 

32 

0.71695436 

32 

0,56558436 

32- 

-D.557&917E 

32 

0 

,54992116 

-32 

0 

.38*47516 

33- 

55 

0 

.32818206-0* 

0.7387052E 

32 

0.72529756 

32 

0  <  71215826 

32 

0.55447966 

32 

0.54684596 

32 

0 

.53*32866 

52 

0 

.381*8156 

35 

56 

0 

,32788ioE-0* 

0.73275486 

32 

0.71968666 

32 

0.7O6H755E 

32 

0.543289BE 

32 

0.5359093E 

32 

.52863996- 

-32 

-  0 

.37671566- 

35- 
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TABLE  IV.  COMPUTED  NOBMALIZED  EMISSION  COEFFICIENTS 
IN  1  ATM  NITROGEN  AND  AIR  PLASMAS. 


T 

NITROGEN 

AIR 

BHA1 

m&2 

\7468 

BR&1 

HQ 

°K 

3.9A° 

28A° 

NI 

3.9A° 

28A° 

| 

2000 

1.0915* 

3.7016 

4.11-41 

3.1408 

1.0710 

3.65”41 

2400 

1.9619 

O 

OJ 

OO 

00 

• 

H 

4.S2-34 

7.9013 

7.5814 

4.07"34 

2800 

3.5622 

3.6823 

4.94"29 

9.5617 

9.8918 

4.30"29 

3200 

9-5824 

1.0526 

2.88“25 

l.ll21 

1.2322 

2.47-25 

3600 

7.0426 

8.3227 

2.42“22 

2.7623 

3. 26 24 

2.02-22 

4000 

2.172® 

2.6729 

5.25-20 

2.5725 

3.1826 

4.27"20 

4400 

3.412’ 

4.3930 

4.24-18 

1.1327 

1.4528 

3.43“18 

4800 

3.2230 

4.3131 

1.63"16 

2.7028 

3.6229 

1.32-16 

5200 

2.0131 

2.7832 

3.52‘15 

3.9229 

5.4330 

2.83"15 

5600 

8.9231 

1.2733 

4.79-14 

3.7730 

5.3831 

3.84"14 

6000 

2.9632 

4.3533 

4.44“13 

2.5731 

3 • 7732 

3.57"13 

6400 

7.5352 

1.1434 

2.96-12 

1.2432 

1 . 8233 

2.37"12 

6800 

1.5333 

2.3634 

1.47"11 

4. 34 32 

6.6833 

1.17”11 

7200 

2.4833 

3.8934 

5.66”11 

1.0433 

1.6134 

4.48”11 

7600 

3.3233 

5.3334 

1.74-10 

1.7733 

2.8334 

1.37-10 

8000 

3.8S33 

6.3434 

4.46-10 

2.2433 

3.8034 

3.51**10 

8400 

4.1633 

6.9034 

1.00"9 

2.6433 

4 . 3934 

7-87"10 

8800 

4.2333 

7.1334 

2.04-9 

2.7733 

4.6S34 

1.60"9 

9200 

4.1733 

7.1434 

3.83"9 

2.7933 

4.7834 

3.01”9 

9600 

4.0333 

7.0134 

6.75**^ 

2 . 7333 

4. 75 34 

5.29'9 

10000 

3 . 8233 

6.7534 

1.12"8 

2.6333 

4.6334 

8.79"9 

*  Superscript  means  power  of  10. 
**  Similar  data  for  Rg,  Rgg  and 
Tables  I  and  II. 


R^g  components  are  given  in 
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TABLE  V.  SUMMARY  OF  DATA 


RUN 

# 

TRACE  # 

TYPE 

X 

0 

(A) 

SPEC 

Z 

(IN.) 

MAG 

JET 

OPEN 

QUENCH 

H 

ave 

(BTU/lbj 

r 

ave 

(°K) 

SPECTRAL 
TEMP.  RANGE 

(°K) 

WIDTH 

(IK.) 

HEIGHT 

(IN.) 

1 

6-69-18 

B-H 

3914 

.002 

.161 

4.0 

LS 

0.3 

+5 

NO 

YES 

4227 

5750 

7900-5400 

2 

6-72-1 

B-H 

3914 

.002 

.161 

3- 81 

LS 

0.3 

+5- 

NO 

YES 

4196 

5700 

7800-5400 

3 

6-72-7 

ATOM 

7468 

.002 

.161 

3.81 

LS 

0.3 

+5 

NO 

YES 

4196 

5700 

7800-6900 

4 

6-72-13 

R-38 

3323 

.002 

.161 

1.1 

LS 

0.3 

+5 

NO 

YES 

4196 

5700 

7400-5500 

5 

6-72-19 

R^16 

3895 

.002 

.161 

1.1 

LS 

0.3 

+5 

NO 

YES 

4196 

5700 

6700-5200 

6 

6-72-23 

R~6 

3906 

.002 

.161 

1.1 

LS 

0.3 

+5 

NO 

YES 

3849 

5500 

7800-5400 

7 

6-73-1 

R-6 

3906 

.002 

.161 

0.9 

LS 

0.3 

+5 

NO 

YES 

3925 

5600 

7800-5400 

8 

6-73-5 

Hr-l6 

3895 

.002 

.161 

1.3 

LS 

0.3 

+5 

N0 

YES 

3925 

5600 

6700-5200 

9 

6-73-12 

Rr-38 

3323 

.002 

.161 

1.3 

LS 

0.3 

+5 

NO 

YES 

3925 

5600 

7400-5500 

10 

6-73-18 

CONT 

5600 

.002 

.161 

3.71 

LS 

0.3 

+5 

NO 

YES 

3925 

5600 

8800-8000 

11 

6-74-1 

ATOM 

7468 

.002 

.161 

3.71 

LS 

0.3 

+5 

NO 

YES 

5132 

6000 

9300-6700 

12 

6-74-2 

B-H 

3914 

.002 

.031 

4.53 

SS 

0.3 

+5 

NO 

YES 

5132 

6000 

9300-5200 

13 

6-74-7 

ATOM 

7468 

.002 

.161 

3-71 

LS 

0.3 

+5 

NO 

YES 

5713  1 

6150 

9600-6600 

14 

6-74-8 

B-H 

3914 

.002 

.031  4.53 

SS 

0.3 

+5 

NO 

YES 

5713  ' 

6150 

9400-5300 

15 

6-74-19 

ATOM 

7468 

.002 

.161  3.71 

LS 

0.3 

+5 

NO 

YES 

6979  ' 

6450 

10300-6900 

16 

6-74-20 

B-H 

3914 

.002 

.031  4.53 

SS 

0.3 

+5 

NO 

YES 

6979  6450 

10100-5500 

17 

6-74-25 

R-16 

3895 

.002 

.161  1 

0.82 

LS 

0.3 

+5 

NO 

YES 

6041  1 

6250 

10000-5800 

18 

6-75-1 

R-6 ' 

3906 

.002 

.161  1 

0.82 

LS 

0.3 

+5 

NO 

YES 

6041  6250 

10600-6000 

19 

6-75-7 

Hr-38 

3323 

.002 

.161  1 

0.82 

LS 

0.3 

+5 

NO 

YES 

6041  6250  11000-5500 

20 

6-75-29 

ATOM 

7468 

.002 

.161  3.67 

LS 

0.3 

+5 

NO 

YES 

6041  1 

6250  10800-8200 

21 

6-78-7 

ATOM 

7468 

.002 

.161 

5.86 

LS 

0.3 

+5 

NO 

YES 

4707  ! 

5900 

7500-5900 

22 

6-78-8 

B-H 

3914 

.002 

.031  4.26 

SS 

0.3 

+5 

NO 

YES 

4707  5900 

7200-5100 

23 

6-78-13 

ATOM 

7468 

.002 

.161  3.86 

LS 

0.3 

+5 

NO 

YES 

3691 

5500 

7200-5800 

24 

6-78-14 

B-H 

3914 

.002 

.031  J 

4.26 

SS 

0.3 

+5 

NO 

YES 

3691 

5500 

6800-5000 

25 

6-78-19 

ATOM 

7468 

.002 

.161  : 

5.86 

LS 

0.3 

+5 

NO 

YES 

3117 

5150 

6700-5500 

AEDC-TR-70-239 
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TABLE  V  (Continued) 


RUN 

# 

TRACE  # 

TYPE 

X 

0 

A 

ENTRANCE  SLIT 

EXIT 

SLIT 

(A) 

SPEC 

z 

(IN.) 

MAG 

JET 

OPEN 

QUENCH 

H 

ave 

(BTU/lb) 

T 

ave 

(  °k) 

SPECTRAL 
TEMP.  RANGE 

(  °k) 

WIDTH 

(IN.) 

HEIGHT 

(IN.) 

26 

6-78-20 

B-H 

3914 

.002 

.031 

4.26 

ss 

0.3 

+5 

NO 

YES 

3117 

5150 

6300-4600 

27 

6-78-29 

R-22 

3886 

.002 

.161 

0.71 

LS 

0.3 

+5 

NO 

YES 

5791 

6200 

10000-5500 

28 

6-78-30 

B-H 

3914 

.002 

.031 

4.26 

SS 

0.3 

+5 

NO 

YES 

5791 

6200 

9100-5500 

29 

6-79-5 

R-22 

3886 

.002 

.161 

0.71 

LS 

0.3 

+5 

NO 

YES 

5187 

6060 

8000-5500 

30 

6-79-6 

B-H 

3914 

.002 

.031 

4.26 

SS 

0.3 

+5 

NO 

YES 

5187 

6060 

8000-5500 

31 

6-79-11 

R-22 

3886 

.002 

.161 

0.71 

LS 

0.3 

+5 

NO 

YES 

4543 

5850 

7600-4900 

32 

6-79-12 

B-H 

3914 

.002 

.031 

4.26 

SS 

0.3 

+5 

NO 

YES 

4543 

5850 

7600^900 

33 

6-79-17 

R-22 

3886 

.002 

.161 

0.71 

LS 

0.3 

+5 

NO 

YES 

3691 

5500 

6700-5000 

34 

6-79-18 

B-H 

3914 

.002 

.031 

4-26 

SS 

0.3 

+5 

NO 

YES 

3691 

5500 

6700-5000 

35 

6-69-23 

R-22 

3886 

.002 

.161 

0.71 

LS 

0.3 

+5 

NO 

YES 

2804 

4900 

6400-4700 

36 

6-79-24 

B-H 

3914 

.002 

.031 

4.26 

SS 

0.3 

+5 

NO 

YES 

2804 

4900 

6400-4700 

37 

6-79-29 

R-22 

3886  .002 

.161 

0.71 

LS 

0.3 

+5 

NO 

YES 

2093 

3900 

6100-4700 

38 

6-79-30 

B-H 

3914 

.002 

.031 

4.26 

SS 

0.3 

+5 

NO 

YES 

2093 

3900 

6100-4700 

39 

6-81-19 

ATOM 

7468 

.002 

.031  12.6 

LS 

0.05 

+5 

- 

— 

— 

- 

26000-8000 

40 

6-82-7 

R-38 

3323 

.002 

.161 

0.8 

LS 

0.3 

+5 

NO 

YES 

5467 

6100 

7500-5000 

41 

6-82-8 

B-H 

3914 

.002 

.031 

4.53 

SS 

0.3 

+5 

NO 

YES 

5467 

6100 

7500-5000 

42 

6-82-13 

R-38 

3323 

.002 

.161 

0.8 

LS 

0.3 

+5 

NO 

YES 

3100 

5100 

6600-4900 

43 

6-82-14 

B-H 

3914 

.002 

.031 

4.53 

SS 

0.3 

+5 

NO 

YES 

3100 

5100 

66OO-49OO 

44 

6-83-1 

B-H 

3914 

.002 

.031 

4.53 

SS 

0.3 

+5 

NO 

YES 

2344 

4300 

6100-5000 

45 

6-83-5 

B-H 

3914 

.002 

.161 

4.53 

SS 

0.3 

+5 

NO 

YES 

1396 

2600 

5100-4500 

AEDC-TR -70-239 


TABLE  V  (Continued) 


EON 

# 

TRACE  # 

TYPE 

* 

(A) 

ENTRANCE 

SLIT 

EXIT 

SLIT 

(A) 

SPEC 

z 

(IN.) 

HAG 

JET 

OPEN 

QUENCH 

H 

ave 

(BTU/lb) 

T 

ave 

(°K) 

SPECTRAL 
TEMP.  RANGE 

(°K) 

WIDTH 

(IN.) 

|:  •  .J 

46 

6-84-1 

B.H 

3914 

0.002 

0.161 

4.53 

SS 

0.3 

+5 

NO 

YES 

1508 

2900 

4900-4000 

47 

6-87-1 

B.H 

3914 

0.002 

0.031 

4.53 

SS 

0.3 

-4 

NO 

YES 

2428 

4300 

5820-4620 

48 

6-87-5 

B.H 

3914 

0.002 

0.031 

4.53 

SS 

0.3 

-4 

NO 

YES 

2428 

2100 

4500-3825 

49 

6-87-9 

B.H 

3914 

0.002 

0.031 

4.53 

SS 

0.3 

+5 

NO 

YES 

3190 

5170 

6500-4700 

50 

6-88-1 

B.H 

3914 

0.002 

0.0635 

4.07 

LS 

0.3 

+5 

NO 

YES 

3190 

5170 

6500-4700 

51 

6-88-2 

B.H 

3914 

0.002 

0.020 

28.6 

SS 

0.3 

+5 

NO 

YES 

3190 

5170 

6550-4790 

52 

6-88-5 

Cont 

3920 

0.002 

0.020 

28.6 

SS 

0.3 

+5 

NO 

YES 

3190 

5170 

6550-4790 

53 

6-88-10 

B.H 

3914 

0.002 

0.0635 

4.07 

US 

0.3 

+5 

NO 

YES 

1625 

3120 

5325-4225 

54 

6-88-11 

B.H 

3914 

0.002 

0.031 

28.6 

SS 

0.3 

+5 

NO 

YES 

1625 

3120 

5325-4225 

55 

6-88-14 

Cont 

3920 

0.002 

0.031 

2a  6 

SS 

0.3 

+5 

NO 

YES 

1625 

3120 

5325-4225  . 

56 

6-89-7 

B.H 

3914 

0.002 

0.161 

4.07 

LS 

0.3 

+5 

NO 

YES 

I860 

3580 

5410-4250 

57 

6-89-9 

B.H 

3914 

0.002 

0.161 

28j6 

SS 

0.3 

+5 

NO 

YES 

I860 

3580 

5410-4250 

58 

6-89-19 

B.H 

3914 

0.002 

0.161 

4.07 

IiS 

0.3 

+5 

NO 

YES 

1720 

3320 

5300-4325 

59 

6-89-21 

B.H 

3914 

0.002 

0.161 

28.6 

SS 

0.3 

+5 

NO 

YES 

1720 

3320 

5300-4325 

60 

6-91-2 

B.H 

3914 

0.002 

0.161 

4.59 

SS 

0.3 

+5 

NO 

YES 

4615 

5850 

7500-5200 

61 

6-91-6 

B.H 

3914 

0.002 

0.161 

4.59 

SS 

0.3 

+5 

NO 

YES 

3131 

5120 

6370-4900 

62 

6-92-2 

B.H 

3914 

0.002 

0.161 

4.59 

SS 

0.3 

+5 

NO 

YES 

3370 

5280 

6800-4800 

63 

6-93-1 

Cont 

5575 

0.002 

0.161 

6.0 

LS 

0.3 

+5 

YES 

YES 

4502 

5850 

8600-5370 

64 

6-93-2 

B.H 

3914 

0.002 

0.161 

4.59 

SS 

0.3 

+5 

YES 

YES 

4502 

5850 

8600-5370 

65 

6-93-3 

Cont 

3920 

0.002 

0.161 

4.59 

SS 

0.3 

+5 

YES 

YES 

4502 

5850 

8600-5370 

66 

6-93-6 

Cont 

3920 

0.002 

0.040 

28.6 

SS 

1.22 

-4 

YES 

YES 

2739 

4800 

4880-4080 

67 

6-93-7 

B.H 

3914 

0.002 

0.040 

28.6 

SS 

1.22 

-4 

YES 

YES 

2739 

4800 

4880-4080 

68 

6-93-8  Cont 

5600 

0.002 

0.040 

28.6 

SS 

1.22 

-4 

YES 

YES 

2739 

4800 

4880-4080 

69 

6-93-12 

B.H 

3914 

0.002 

0.040 

4.06 

IrS 

1.22 

-4 

YES 

YES 

1456 

2800 

4305-3710 

AEDC-TR -70-239 


TABLE  V  (Continued) 


TRACE  # 

TYPE 

A 

(A) 

ENTRANCE 

SLIT 

EXIT 

SLIT 

(A) 

SPEC 

z 

(IN.) 

MAG 

QUENCH 

H 

ave 

BTU/ib 

T.ve 

("K) 

SPECTRAL 
TEMP.  RANGE 

(°K) 

mm 

HEIGHT 

(IN.) 

70 

6-93-13 

Cont 

5600 

0.002 

0.040 

86 

SS 

1.22 

-4 

YES 

YES 

1456 

2800 

4305-3710 

71 

6-93-16 

Cont 

5600 

0.002 

0.040 

86 

SS 

1.22 

'  -4 

YES 

YES 

2087 

3900 

5250-4280 

72 

6-93-17 

Cont 

5600 

0.002 

0.040 

86 

SS 

1.22 

-4 

YES 

YES 

1917 

3650 

5180-3950 

73 

6-93-I8 

Cont 

5600 

0.002 

0.040 

86 

SS 

1.22 

-4 

YES 

YES 

1773 

3400 

5140-4020 

74 

6-93-19 

Cont 

5600 

0.002 

0.040 

86 

SS 

1.22 

-4 

YES 

YES 

1542 

2950 

4850-4040 

75 

6-93-20 

B.H 

3914 

0.002 

0.040 

4.06 

LS 

1.22 

-4 

YES 

YES 

1542 

2950 

4850-4040 

76 

6-94-1 

Cont 

5600 

0.002 

0.161 

86 

SS 

1.22 

+5 

YES 

YES 

2781 

4850 

4910-4120 

77 

6-94-2 

Cont 

5600 

0.002 

0.161 

86 

SS 

1.22 

+5 

YES 

YES 

2363 

4350 

4910-4120 

78 

6-94-3 

Cont 

5600 

0.002 

0.161 

86 

SS 

1.22 

+5 

YES 

YES 

2053 

3850 

4910-4120 

79 

6-94-4 

B.H 

3914 

0.002 

0.161 

4.06 

LS 

1.22 

+5 

YES 

YES 

2781 

4850 

4910-4120 

80 

6-94-8 

B.H 

3914 

0.020 

0.020 

4.06 

LS 

1.22 

-4 

YES 

YES 

4728 

5880 

5960-4500 

81 

6-94-9 

B.H 

3914 

0.020 

0.020 

4.06 

LS 

1.22 

-4 

YES 

YES 

2079 

3900 

4140-3660 

82 

6-94-9® 

Cont 

3920 

0.020 

0.020 

4.06 

LS 

1.22 

-4 

YES 

YES 

2079 

3900 

4140-3660 

83 

6-94-11 

B.H 

3914 

0.020 

0.020 

4.06 

LS 

1.72 

-4 

YES 

YES 

4728 

5880 

5220-4300 

84 

6-94-12 

Cont 

3914 

0.020 

0.020 

4.06 

LS 

1.72 

-4 

YES 

YES 

1678 

3210 

4100-3450 

85 

6-94-15 

B.H 

3914 

0.020 

0.020 

4.06 

LS 

1.72 

-4 

YES 

NO 

4728 

5880 

4910-4080 

86 

6 -94 -15a 

Cont 

3920 

0.020 

0.020 

4.06 

LS 

1.72 

-4 

YES 

NO 

4728 

5880 

4910-4080 

87 

6-94-16 

B.H 

3914 

0.020 

0.020 

4.06 

LS 

1.72 

-4 

YES 

NO 

3712 

3210 

4245-3820 

88 

6-94-16® 

Cont 

3920 

0.020 

0.020 

4.06 

LS 

1.72 

-4 

YES 

NO 

3712 

3210 

4245-3820 

89 

6-95-1 

B.H 

3914 

0.020 

0.020 

28.6 

SS 

1.72 

-4 

YES 

NO 

5243 

6050 

5220-4520 

90 

6-95-2 

Cont 

3920 

0.020 

0.020 

28.6 

SS 

1.72 

-4 

YES 

NO 

5243 

6050 

5220-4520 

91 

6-95-3 

Cont 

5600 

0.020 

0.020 

28.6 

SS 

1-72 

-4 

YES 

NO 

5243 

6050 

5220-4520 

92 

6-95-4 

B.H 

3914 

0.020 

0.020 

28.6 

SS 

1.72 

-4 

YES 

NO 

4612 

5850 

4950-4260 

93 

6-95-5 

Cont 

3920 

0.020 

0.020 

28.6 

SS 

1.72 

-4 

YES 

NO 

4612 

5850 

4950-4260 

AEDC-TR  -70-239 


TABLE  V  (Continued) 


HUN 

# 

TRACE  # 

TYPE 

A 

(A) 

ENTRANCE 

SLIT 

EXIT 

SLIT 

(A) 

SPEC 

z 

(IN.) 

MAG 

JET 

OPEN 

QUENCH 

H 

ave 

BTl^lb 

SPECTRAL 
TEMP.  RANGE 

(°K) 

WIDTH 

(IN.) 

HEIGHT 

(IN.) 

94 

6-95-6 

Cont 

5600 

0.020 

B 

28.6 

SS 

1.72 

-4 

YES 

NO 

4612 

5850 

4950-4260 

95 

6-95-7 

B.H 

3914 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

4117 

5650 

4740-4120 

96 

6-95-8 

Cont 

3920 

0.020 

marnm 

28.6 

SS 

1.72 

-4 

YES 

NO 

4117 

5650 

4740-4120 

97 

6-95-9 

Cont 

5600 

0.020 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

4117 

5650 

4740-4120 

98 

6-95-10 

B.H 

3914 

0.020 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

3470 

5350 

4560-4075 

99 

6-95-H 

Cont 

3920 

0.020 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

3470 

5350 

4560-4075 

100 

6-95-12 

Cont 

5600 

0.020 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

3470 

5350 

4560-4075 

101 

6-95-13 

B.H 

3914 

0.020 

0.020 

28.6 

ss 

1.72 

-k 

YES 

NO 

3093 

5110 

4415-3905 

102 

6-95-14 

Cont 

3920 

0.020 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

3093 

5110 

4415-3905 

103 

6-95-15 

Cont 

5600 

0.020 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

3093 

5110 

4415-3905 

104 

6-95-25 

B.H 

3914 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

3093 

5110 

4280-3760 

105 

6-95-25a 

Cont 

3920 

0.020 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

3093 

5110 

4280-3760 

106 

6-95-26 

Cont 

5600 

0.020 

mmm 

28.6 

ss 

1.72 

-4 

YES 

NO 

3093 

5110 

4280-376o 

107 

6-96-1 

Cont 

3920 

0.020 

0.020 

28.6 

ss 

1.72 

-4 

YES 

NO 

4894 

5950 

5150-4050 

108 

6-96-2 

Cont 

3920 

0.020 

0.020 

28.6 

ss 

2.37 

-4 

YES 

NO 

4894 

5950 

4720-3830 

109 

6-96-3 

Cont 

3920 

0.020 

0.020 

28.6 

ss 

2.37 

-4 

YES 

NO 

2368 

4350 

4040-3200 

AEDC-TR-70-239 


TABLE  V  (Continued) 


RUN 

# 

TRACE 
#  ' 

TYPE 

A 

(A) 

ENTRANCE  SLIT 

§§ 

SPEC 

Z 

(IN.) 

Have 

(BTU/lb) 

■^ave 

(°K) 

SPECTRAL 

TEMP.  RANGE 

(°K) 

FLOW 

(scfh) 

WIDTH 

(IN.) 

HEIGH! 

(IN.) 

110 

6-97-1 

B-H 

3914 

.002 

.16 

4.07 

LS 

0 

_  __  __ 

—  _ 

7200-5600 

AIR  30 

111 

6-97-3 

CONT 

3920 

.002 

.16 

4.07 

LS 

0 

— — 

- - 

7200-5600 

AIR  30 

112 

6-97-4 

ATOM 

7469 

.002 

.16 

4.07 

LS 

0 

— 

— 

6600-5450 

AIR  30 

113 

6-97-5 

CONT 

7475 

.002 

.16 

4.07 

LS 

0 

— 

— 

6600-5450 

AIR  30 

114 

6-97-6 

B-II 

3914 

.002 

.06 

4.07 

LS 

0 

— 

___ 

6300-5400 

AIR  30 

115 

6-97-8 

CONT 

3920 

.002 

.06 

4.07 

LS 

0 

— 

— 

6300-5400 

AIR  30 

ll6 

6-97-9 

ATOM 

7469 

.002 

.06 

4.07 

LS 

0 

— 

6100-5800 

AIR  30 

117 

6-97-10 

CONT 

7475 

.002 

.06 

4.07 

LS 

0 

— 

. — ... 

6100-5800 

AIR  30 

118 

6-97-15 

B-H 

3914 

.002 

.06 

4.07 

LS 

0 

— 

— 

8500-5500 

N2  30 

119 

6-99-1 

B-n 

3914 

.020 

.020 

28 

SS 

0.3 

4i50 

4800 

7000-5900 

n2+o2  111 

120 

6-99-2 

CONT 

3920 

.020 

.020 

28 

SS 

0.3 

4150 

4800 

7000-5900 

N2+02  111 

121 

6-99-3 

B-II 

3914 

.020 

.020 

28 

SS 

1.09 

4150 

4800 

6100-5450 

N2+02\111 

122 

6-99-4 

CONT 

3920 

.020 

.020 

28 

SS 

1.09 

4150 

4800 

6100-5450 

N  +0  I'll 

123 

6-99-5 

B-H 

3914 

.020 

.020 

28 

SS 

1.26 

4150 

4800 

5900-4850 

N2+02  111 

124 

6-99-6 

CONT 

3920 

.020 

.020 

28 

SS 

1.26 

4150 

4800 

5900-4850 

n2+02  111 

125 

6-99-7 

B-H 

3914 

.020 

.020 

28 

SS 

1.37 

4150 

4800 

5700-4800 

n2+02  111 

126 

6-99-7a 

CONT 

3920 

.020 

.020 

28 

SS 

1.37 

4150 

4800 

5700-4800 

N2+02  111 

127 

6-99-16 

CONT 

3920 

.020 

.020 

28 

SS 

1.37 

3000 

3900 

5500-3500 

N2+02  141 

128 

6-99-17 

CONT 

3920 

.020 

.020 

28 

SS 

1.69 

3000 

3900 

5200-3300 

N2+02  141 

129 

6-99-I8 

CONT 

3920 

.020 

.020 

28 

SS 

2.99 

3000 

3900 

4900-3100 

N2+02  141 

130 

6-99-19 

CONT 

3920 

.020 

.020 

28 

SS 

3.24 

3000 

3900 

4800-3000 

N2+02  141 

131 

6-99-20 

CONT 

3920 

.020 

.020 

28 

SS 

2.19 

3000 

3900 

56OO-36OO 

N2+02  141 

132 

6-100-1 

B-H 

3914 

.020 

.020 

6 

LS 

0.3 

5080 

6000 

— 

N2  88 

133 

6-100-2 

B-II 

3914 

.020 

.020 

6 

LS 

0.3 

3771 

4500 

6750-5100 

n2+o2  111 

134 

6-100-3 

CONT 

3920 

.020' 

.020 

6 

LS 

0.3 

3771 

4500 

6750-5100 

n2+02  111 

135 

6-100-4 

ATOM 

7469 

.020 

.020 

6 

LS 

0.3 

3771 

4500 

7000-5800 

n2+02  111 

136 

6-100-5 

ATOM 

7469 

.020 

.020 

6 

LS 

0.6 

3853 

4550 

6700-5500 

n2+02  111 

137 

6-100-6 

B-H 

3914 

.020 

.020 

6 

LS 

0.6 

3895 

4550 

6700-5 10U 

N2+02  111 

138 

6-100-7 

CONT 

3920 

.020 

.020 

6 

IS 

0.6 

3895 

4550 

6700-5100 

tfo+On  111 
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TABLE  V  (Continued) 


BUN 

# 

TRACE 

# 

TYPE 

A 

(A) 

ENTRANCE  SLIT 

EXIT 

S&IT 

(A) 

SPEC 

Z 

(IN.) 

H 

ave 

(BTU/lb) 

T 

ave 

(°K) 

SPECTRAL 

TEMP.  RANGE 
(°K) 

FLOW 

(SCFH) 

WIDTH 

(IN.) 

HEIGHT 

(IN.) 

139 

6-100-8 

B-H 

3914 

.020 

.020 

6 

JS 

0.9 

3895 

4550 

6200-5100 

N2+°2  HI 

140 

6-100-9 

CONT 

3920 

.020 

.020 

6 

IB 

0.9 

3895 

4550 

6200-5100 

n2+o2  111 

141 

6-100-10  ATOM 

7469 

.020 

.020 

6 

IB 

0.9 

3895 

4550 

6250-5450 

N  +0  111 

142 

6-100-11  B-II 

3914 

.020 

.020 

6 

IB 

1.20 

3895 

4550 

5700-5050 

N2+02  111 

143 

6-100-12  CONT 

.020 

.020 

6 

IB 

1.20 

3895 

4550 

5700-5050 

n2+o2  111 

144 

6-100-13  B-H 

3914 

.020 

.020 

6 

IS 

1.37 

3895 

4550 

5400-4500 

n2+o2  111 

145 

6-100-14  CONT 

3920 

.020 

.020 

6 

IB 

1.37 

3895 

4550 

5400-4500 

N2+°2  HI 

146 

6-100-15  B-H 

3914 

.020 

.020 

6 

IS 

1.50 

3895 

4550 

4900-4500 

n2+o  111 

147 

6-100-16  CONT 

Km. 

.020 

.020 

6 

LS 

1.50 

3742 

4500 

4900-4500 

n2+o2  111 

148 

6-100-17  CONT 

.020 

.020 

6 

IB 

1.80 

3742 

4500 

5000-3000 

n2+o2  111 

149 

6-100-18  CONT 

.020 

.020 

6 

LS 

2.10 

3742 

4500 

4900-3000 

N2+°2  HI 

150 

6-100-19 

CONT 

lEviSl 

.020 

.020 

6 

IB 

2.40 

3742 

4500 

5000-3000 

N2+°2  111 

151 

6-100-20  CONT 

.020 

.020 

6 

IB 

2.70 

3742 

4500 

4800-3000 

n2+o2  111 

152 

6-102-1 

B-H 

3914 

.020 

.020 

4 

IS 

0.3 

2713 

3700 

6400-5000 

N2+02  141 

153 

6-102-2 

CONT 

.020 

4 

LS 

0.3 

3700 

6400-5000 

V°2  1*1 

154 

6-102-3 

B-H 

3914 

.020 

4 

IB 

0.6 

3700 

6200-5200 

V°2  1*1 

155 

6-102-4 

CONT 

.020 

4 

IB 

0.6 

2713 

3700 

5950-5300 

N2+02  141 

156 

6-102-5 

B-H 

3914 

.020 

4 

IB 

0.9 

3700 

5950-5300 

N2+02  141 

157 

6-102-6 

CONT 

.020 

4 

IB 

0.9 

2713 

3700 

5900-5100 

N2+02  141 

158 

6-102-7 

B-H 

3914 

.020 

4 

IS 

1.2 

3700 

5900-5100 

N2+02  141 

159 

6-102-8 

CONT 

.020 

4 

IB 

1.2 

2713 

3700 

5450-4350 

N2+02  141 

160 

6-102-9 

CONT 

am  m ' ' 

.020 

4 

IB 

1*5 

2713 

3700 

5200-3350 

N2+02  141 

161 

6-102-10 

CONT 

.020 

4 

IS 

1.8 

2713 

3700 

5000-3300 

N  +02  141 

162 

6-102-11 

CONT 

.020 

4 

IB 

2.1 

2713 

3700 

4700-3300 

^+02  141 

163 

6-102-12 

CONT 

.020 

4 

IB 

2.4 

2713 

3700 

4350-3300 

N2+02  141 

164 

6-102-13 

CONT 

.020 

4 

IB 

2.7 

2713 

3700 

4100-3100 

V°2  141 
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TABliE  V  (Continued) 


A 

ENTRANCE  SLIT 

EXIT 

IT 

SPECTRAL 

RON 

# 

TRACE 

# 

TYPE 

(A) 

WIDTH 

(IN.) 

HEIGHT 

(IN.) 

a? 

SPEC 

Z 

(IN.) 

XI 

ave 

(BTU/lb) 

T 

ave 

(°K) 

TEMP.  RANGE 
(°K) 

FLOW 

(SCFH) 

165 

6-102-14  CONT 

3920 

.020 

.020 

4 

LS 

3.0 

2713 

3700 

3800-3000 

N2+02  141 

NOTES: 


1.  Jet  was  open  for  runs  110-165- 

2.  Magnification  was  -  4  for  jet,  -  7  for  RF. 

3.  Quench  was  removed  for  runs  110-165- 

4.  Runs  110-118  ore  RE,  runs  119-165  are  jet. 
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